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Introduction 

Most  prostate  cancer  patients  respond  initially  to  androgen  ablation  and  antiandrogen 
therapy.  However,  virtually  all  patients  will  relapse  due  to  acquisition  of  the  growth  of 
the  androgen-independent  tumor  cells.  The  molecular  mechanism  characterizing 
prostate  cancer  progression  from  androgen-dependence  to  androgen-independence  is 
incompletely  understood.  We  propose  that  Signal  Transducers  and  Activators  of 
Transcription  3  (Stat3)  both  regulates  the  expression  of  Stat3  target  genes,  and  interacts 
with  AR  in  prostate  cancer  cells.  The  experiments  proposed  in  this  application  are 
based  upon  the  hypothesis  that  Stat3  activation  alters  androgen  receptor  signaling 
pathways,  that  in  turn  results  in  the  loss  of  growth  control  in  prostate  cancer  cells.  We 
propose  to  determine  the  consequence  of  Stat3  activation  in  prostate  cancer  cell  growth 
and  to  determine  the  molecular  basis  of  Stat3  interactions  with  androgen  receptor 
signaling. 

Body 

Since  the  approval  of  this  application,  we  have  made  significant  progress  of  task  1  ( 
i.e.,  to  examine  the  role  of  Stat3  activation  in  prostate  cancer  cells  (months  1-18). 

Task  lA.  To  establish  a  series  of  prostate  cancer  cell  lines  demonstrating  constitutive 
Stat3  activation  (months  1-6).  We  have  established  Stat3  constitutively  activated  cell 
sublines  in  LNCaP  cells.  These  cells  express  activated  Stat3  as  examined  by  EMSA  using 
Stat3  consensus  binding  sequences  (reference  1). 


Fig  1.  Stat3  DNA-binding  activity  in  LNCaP  and  LN 
series  cell  lines.  Whole  cell  extracts  (20  pg)  were 
subjected  to  EMSA  using  a  ^^P-labeled  oligonucleotide 
probe  containing  the  consensus  binding  motif  for  Stat3. 


Task  IB.  To  examine  the  effect  of  Stat3  activation  on  these  cell  growth  in  vitro  and  in 
vivo  (months  7-12).  We  demonstrated  that  cells  expressing  constitutively  activated  Stat3 
can  enhance  LNCaP  androgen  independent  growth  in  vitro  as  analyzed  by  MTT  assay 
(Fig  2A)  and  LNCaP  growth  in  the  castrated  nude  mice  (Fig  2B),  suggesting  that  Stat3 
can  enhance  androgen  independent  growth  of  androgen-dependent  LNCaP  cells 
(referenee  1). 
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Figure  2.  Stat3  enhances  androgen-independent  growth  in  vitro.  (A)  Effect  of  Stat3  on  LNCaP 
cell  growth  in  the  presence  and  absence  of  androgen  in  vitro.  Cells  were  cultured  in  RPMI-1640 
supplemented  with  either  10%  FBS  or  10%  charcoal-stripped  FBS.  Cell  proliferation  values  in 
charcoal-stripped  FBS  were  expressed  as  %  relative  to  the  complete  FBS.  *,P<  0.05.  (B)  Stat3 
induces  androgen-independent  growth  in  vivo.  Tumor  growth  curve  in  the  intact  and  castrated 
male  nude  mice.  Parental  LNCaP  cells  and  neo  clone  (O)  or  clones  that  overexpress  activated 
Stat3  (S3c-17,  V;  S3c-18,  O)  were  injected  into  the  intact  (filled  symbols)  or  castrated  (open 
symbols)  male  nude  mice  (n  =  10  for  each  condition). 

Task  1C.  To  examine  the  effect  of  Stat3  activation  on  the  expression  of  Stat3  target  genes 
and  AR-mediated  genes  (months  7-18).  Prostate  specific  antigen  (PSA)  is  a  typical  AR- 
mediated  gene.  We  demonstrated  that  Stat3  can  enhance  PSA  express  both  in  mRNA 
levels  as  examined  by  Northern  blot  (Fig  3A)  and  in  protein  levels  as  examined  by 
EUSA  (Fig  3B).  In  addition,  Stat3  can  enhance  PSA  promoter  activity  and  ARE- 
containing  gene  transactivation  (Fig  4  and  reference  1). 


LNCaP  neo  S3c-17  S3c-18 
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Figure  3.  Stat3  enhances  PSA  expression.  (A)  PSA  mRNA  expression  in  Stat3  overexpressing 
clones  (S3c-17,  S3c-18),  vector  control  (neo),  and  LNCaP  cells  examined  by  Northern  blot 
analysis  using  20  pg  of  total  RNA.  GAPDH  is  a  control  for  equal  loading.  (B)  PSA  protein 
secretion  in  the  absence  of  androgen.  PSA  secretion  was  quantitated  by  PSA  immunoradiometric 
assay  of  50  pi  of  supernatant  of  cell  culture  in  phenol  red-free  RPMI  containing  10%  charcoal- 
stripped  serum.  *,  P  <  0.05;  **,  P  <  0.01. 


Figure  4.  (A)  Effect  of  Stat3  on  PSA  promoter  activity  in  the  absence  of  DHT  and  in  the 
presence  of  10  nM  of  DHT.  LNCaP  cells  were  transiently  transfected  with  PSA-luc  reporter,  and 
increasing  doses  (0,  2.5,  5  pg)  of  Stat3  expression  plasmid.  Total  DNA  content  was  kept  constant 
in  all  wells.  HeLa  cells  transiently  transfected  with  or  without  AR  expression  plasmid,  PSA-luc 
reporter,  and  increasing  doses  (0,  2.5,  5  pg)  of  Stat3c  expression  plasmid  in  the  presence  of  10 
nM  of  DHT.  Total  DNA  content  was  kept  constant  in  all  wells.  The  luciferase  activity  was 
measured.  Results  are  displayed  as  the  average  of  four  independent  experiments.  RLU:  relative 
light  units. 

Task  2.  To  determine  whether  Stat3  activation  induce  androgen-independent 
growth  by  affecting  AR  signaling  in  prostate  cancer  cells  (months  19-36). 

We  are  initiating  the  experiments  to  study  the  interaction  between  StatS  and  AR  and  the 
consequences  of  this  interaction  in  promoting  androgen-independent  prostate  cancer. 
The  experiments  were  designed  to  investigate  the  potential  use  of  RNA  interference  to 
block  StatS  expression  and  activation  and  the  effect  on  the  growth  of  human  prostate 
cancer  cells.  We  identified  a  small  interfering  RNA  (siRNA)  specific  for  StatS  and 
expressed  in  human  prostate  cancer  cells  from  DNA  expression  vector  which  employ 
RNA  polymerase  HI  promoters  from  the  U6  small  nuclear  RNA  gene  to  transcribe 
siRNAs.  We  demonstrate  that  blockade  of  StatS  activation  by  the  StatS  siRNA  suppresses 
the  growth  of  human  prostate  cancer  cells  and  StatS-mediated  gene  expression  and 
induces  apoptotic  cell  death.  The  StatS  siRNA  does  not  inhibit  the  proliferation  nor 
induces  apoptosis  of  StatS-inactive  human  prostate  cancer  cells.  In  addition,  the  StatS 
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siRNA  inhibits  the  levels  of  AR-mediated  gene-  prostate  specific  antigen  (PSA) 
expression  in  prostate  cancer  cells. 

In  addition,  we  have  examined  the  potential  of  tyrosine  kinase  inhibitors  to  block  Stat3 
activation  in  prostate  cancer  cells.  We  evaluated  two  Stat3  signaling  inhibitors:  AG490 
and  JSI-124(Cucurbitacin-I).  AG490  is  a  tyrosine  kinase  inhibitor  selective  for  the  JAK 
family  kinases.  We  evaluated  the  effects  of  AG490  on  the  growth  of  prostate  cancer  cells 
that  express  activated  Stat3  in  vitro  and  in  vivo.  We  chose  to  study  the  following  human: 
LNCaP,  DU145,  PC3,  CWR22Rvl  and  Dunning  rat:  G,  ATI,  AT2,  AT6.1,  AT3.1, 
MatlLLu  prostate  cell  lines.  AG490  abrogated  Stat3  activity  and  inhibited  the  growth  of 
human  and  prostate  cancer  cell  lines  with  an  IC50  from  20-40  uM.  To  study  the  effects  in 
vivo,  we  inoculated  DU145  cells  subcutaneously  into  the  flanks  of  male  nude  mice.  Once 
tumors  reached  a  size  of  0.5cm^  they  either  received  AG490  (0.5mg/mice  i.p  daily  for  14 
days)  or  vehicle  (DMSO/RPMI)  only.  AG490  suppressed  tumor  growth  by  50% 
(p<0.01).  AG490  administration  did  not  cause  any  toxicity.  JSI-124  is  a  plant  natural 
product.  We  studied  the  effects  of  JSI-124  in  human  prostate  cancer  cell  lines:  LNCaP, 
DU145,  PC3  and  CWR22Rvl.We  established  the  IC50  to  range  0.5  to  1.0  uM.  Our  data 
suggest  that  targeting  IL-6/Stat3  signaling  may  represent  an  opportunity  in  the 
development  of  new  treatments  for  AIPC. 

Androgen  ablation  induces  apoptotic  death  of  prostate  epithelial  cells  and  is  a  standard 
treatment  for  prostate  cancer.  However,  androgen-independent  prostate  cancer  cells 
become  resistant  to  apoptosis,  rendering  androgen  ablation  therapy  ineffective.  To 
understand  the  role  of  Stat3  in  androgen  independent  prostate  cancer,  we  investigated  the 
role  of  Stat3  activation  in  IL-6-mediated  antiapoptotic  activity  in  prostate  cancer  cells. 
We  demonstrate  that  overexpression  of  IL-6  renders  androgen  sensitive  LNCaP  human 
prostate  cancer  cells  more  resistant  to  apoptosis  induced  by  androgen  deprivation.  LNCaP 
cells  undergo  apoptosis  after  72  h  of  androgen  deprivation,  an  outcome  is  largely  absent 
in  clones  overexpressing  IL-6  as  measured  by  cell  death  ELISA  and  chromatin 
degradation  assays.  IL-6  over-expressing  cells  resulted  in  a  significant  decrease  in  the 
expression  of  pro-apoptotic  proteins  such  as  cleaved  PARP  and  cleaved  caspase-9  as  well 
as  an  increase  in  the  expression  of  anti-apoptotic  proteins  Bc1-xl  and  phosphorylated 
Bad.  Addition  of  IL-6  antibody  completely  abolished  the  anti-apoptotic  activity  of  IL-6. 
This  protective  effect  of  IL-6  was  reversed  by  the  expression  of  a  dominant-negative 
Stat3  mutant,  Stat3F.  Furthermore,  ectopic  expression  of  a  constitutively  active  Stat3 
antagonized  androgen  deprivation-induced  cell  death  of  LNCaP  cells.  These  results 
indicate  that  IL-6  protects  androgen  sensitive  LNCaP  cells  from  apoptosis  induced  by 
androgen  deprivation,  and  Stat3  activation  play  an  important  role  in  IL-6-mediated  anti¬ 
apoptosis  in  prostate  cancer  cells. 

Key  research  accomplishments 

•  We  demonstrated  that  Stat3  plays  a  critical  role  in  prostate  cancer  growth. 

•  Stat3  enhances  AR-mediated  gene  expression  such  as  PSA. 

•  Stat3  enhances  androgen  independent  growth  of  prostate  cancer  cells  in  vitro  and 
in  vivo. 


1 


Gao,  Allen 


•  Stat3  activates  androgen  receptor  (AR)  in  the  presence  and  in  the  absence  of 
androgen. 

•  Stat3  activation  is  required  for  IL-6  mediated  antiapoptic  activity  in  prostate 
cancer  cells. 

•  Targeting  Stat3  signaling  by  siRNA  or  tyrosine  kinase  inhibitors  inhibits  growth 
and  induces  apoptosis  of  prostate  cancer  cells. 

Reportable  outcome 
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Conclusions 


We  demonstrated  that  activation  of  Stat3  in  androgen-sensitive  LNCaP  prostate 
cancer  cells  results  in  enhancement  of  tumor  growth  in  both  intact  and  castrated 
male  nude  mice,  and  enhances  androgen  receptor-mediated  prostate  specific  antigen 
(PSA)  expression.  These  findings  demonstrate  that  intracellular  signaling  mediated 
by  Stat3  can  enhance  the  growth  of  androgen-sensitive  human  LNCaP  prostate 
cancer  cells  in  both  intact  and  castrated  male  nude  mice.  Targeting  Stat3  signaling 
by  siRNA  may  serve  as  a  novel  therapeutic  approach  for  prostate  cancer. 
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RNA  InterferenceTargeting  Stat3  Inhibits  Growth  and 
Induces  Apoptosis  of  Human  Prostate  Cancer  Cells 

Soo  Ok  Lee,  Wei  Lou,  Khusroo  M.  Qureshi,  Farideh  Mehraein-Ghomi, 

Donald  L.  Trump,  and  Allen  C.  Gao^ 

Departmentof  N[t(iidne  and  Pharmacology  &  Therapeutics,  Roswell  Park  Cancer  Institute,  Buffalo,  New  York 


Stat3,  a  member  of  the  signal  transduction  and  activation  of  transcription  (STAT)  family,  is  a  key 
signal  transduction  protein  that  mediates  signaling  by  cytokines,  peptide  growth  factors,  and 
oncoproteins  and  is  constitutively  activated  in  numerous  cancers  including  prostate.  Previous 
studies  demonstrated  that  constitutively  activated  Stat3  plays  an  important  role  in  the 
development  and  progression  of  prostate  cancer  by  promoting  cell  proliferation  and  protecting 
against  apoptosis.  The  present  study  was  designed  to  investigate  the  potential  use  of  RNA 
interference  to  block  Stat3  expression  and  activation  and  the  effect  on  the  growth  of  human 
prostate  cancer  cells.  We  identified  a  small  interfering  RNA  (siRNA)  specific  for  Stat3  and 
demonstrate  that  blockade  of  Stat3  activation  by  the  Stat3  siRNA  suppresses  the  growth  of 
human  prostate  cancer  cells  and  Stat3-mediated  gene  expression  and  induces  apoptotic  cell 
death.  The  Stat3  siRNA  does  not  inhibit  the  proliferation  nor  induces  apoptosis  of  Stat3-inactive 
human  prostate  cancer  cells.  In  addition,  the  Stat3  siRNA  inhibits  the  levels  of  androgen- 
regulated  prostate  specific  antigen  (PSA)  expression  in  prostate  cancer  cells.  These  results 
demonstrate  that  targeting  Stat3  signaling  using  siRNA  technique  may  serve  as  a  novel 
therapeutic  strategy  for  treatment  of  prostate  cancer  expressing  constitutively  activated  Stat3. 
Prostate  60: 303-309, 2004.  ©  2004  Wiley-Liss,  Inc. 
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INTRODUCTION 

Stats,  a  member  of  the  signal  transduction  and 
activation  of  transcription  (STAT)  family,  is  a  key  signal 
transduction  protein  that  mediates  signaling  by  numer¬ 
ous  cytokines,  peptide  growth  factors,  and  oncopro¬ 
teins  [1].  Accumulating  evidence  demonstrates  that 
Stats  activation  plays  important  roles  in  cell  differ¬ 
entiation,  proliferation,  development,  apoptosis,  and 
inflammation  [2].  Elevated  activity  of  StatS  has  been 
found  frequently  in  a  wide  variety  of  human  tumors, 
including  hematologic  malignancies,  head  and  neck, 
breast  and  prostate  cancer  [2].  Cell  lines  from  multiple 
myelomas  that  have  become  growth  factor  indepen¬ 
dent  require  constitutively  active  StatS  to  protect 
against  apoptosis  [S].  In  addition,  constitutively  acti¬ 
vated  StatS  induces  cellular  transformation  in  vitro  and 
tumor  formation  in  nude  mice  [4]. 

Studies  to  date  provide  strong  evidence  that  aber¬ 
rant  StatS  signaling  plays  an  important  role  in  the 
development  and  progression  of  prostate  cancer  by 


promoting  cell  proliferation  and  protecting  against 
apoptosis.  StatS  activity  is  not  only  significantly 
increased  in  human  primary  prostate  cancer  tissues 
as  compared  with  normal,  but  it  is  also  increased  in 
androgen  independent  prostate  cancer  cells  as  com¬ 
pared  to  androgen  sensitive  cells  [5,6].  StatS  is  a  major 
mediator  of  interleukin-6  (IL-6)  induced  signaling  in 
prostate  cancer  cells  and  that  IL-6  induced  androgen 
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receptor  (AR)-mediated  gene  activation  requires  the 
activation  of  Stat3  in  LNCaP  prostate  cancer  cells  [7,8]. 
Constitutive  activation  of  Stat3  promotes  androgen 
independent  growth  of  androgen  dependent  LNCaP 
cells  in  vitro  and  in  vivo  [9] .  Blockade  of  Stat3  expression 
in  human  prostate  cancer  cells  suppress  proliferation 
in  vitro  and  tumorigenicity  in  vivo  [10].  These  studies 
demonstrate  that  constitutively  activated  Stat3  is  not 
only  associated  with  prostate  cancer,  but  also  induces 
prostate  cancer  cell  proliferation.  Thus,  the  Stat3  signal¬ 
ing  pathway  may  represent  a  new  molecular  target  for 
novel  therapeutic  approaches  for  prostate  cancer. 
Strategies  that  target  Stat3  signaling  have  been  proposed 
including  tyrosine  kinase  inhibitors  such  as  tyrphostin 
AG490  and  cucurbitacin  I  [11,12],  antisense  oligonucleo¬ 
tides  and  decoy  oligonucleotides  [6,13],  and  dominant¬ 
negative  Stat3  protein  [10,14]. 

Small  interfering  RNA  (siRNAs)  are  short  double- 
stranded  RNA  molecules  that  can  target  complementary 
mRNAs  for  degradation  via  a  cellular  process  termed 
RNA  interference  (RNAi)  [15].  RNAi  is  usually  activated 
by  introducing  long  double-stranded  RNA  molecules 
into  cells  which  are  cleaved  into  21-  to  23-nt  RNAs 
referred  to  as  siRNAs  by  an  endonuclease  named  Dicer 
in  animal  cells  [15].  The  siRNA  molecules  then  serve  as  a 
guide  for  sequence-specific  degradation  of  homologous 
mRNAs.  SiRNA  has  been  used  for  functional  analysis 
of  genes  in  many  species  including  invertebrates, 
plants,  and  mammalian  cells  [16].  Recently,  siRNA  has 
emerged  as  powerful  RNAi  reagents  for  directed 
posttranscriptional  gene  silencing  and  inhibition  of  viral 
propagation  [17].  The  potential  of  using  siRNA  for 
silencing  specific  genes  has  been  demonstrated  in 
treatment  of  viral  diseases  and  cancer  including  HIV, 
human  papillomavirus,  and  hepatitis  C  virus  [18]. 

The  present  study  was  designed  to  investigate  the 
potential  use  of  siRNA  to  block  Stat3  expression  and 
the  effect  on  growth  of  human  prostate  cancer  cells.  We 
identified  a  siRNA  specific  for  Stat3  and  expressed  in 
prostate  cancer  cells.  We  demonstrate  that  blockade  of 
Stat3  expression  by  this  siRNA  inhibits  the  growth  of 
human  prostate  cancer  cells  and  induces  apoptotic  cell 
death.  These  results  demonstrate  that  targeting  Stat3 
signaling  using  siRNA  technique  may  serve  as  a  novel 
therapeutic  strategy  for  treatment  of  prostate  cancer 
expressing  constitutively  activated  Stat3. 

MATERIALS  AND  METHODS 
Tissue  Culture 

Human  DU145  prostate  cancer  cells  were  main¬ 
tained  in  RPMI1640  supplemented  with  10%  of  FBS. 
LN-17  cells  were  generated  from  human  LNCaP 
prostate  cancer  cells  stably  expressing  IL-6  as  described 


previously  [8,19],  and  cultured  in  RPMI 1640  supple¬ 
mented  with  10%  FBS  plus  0.3  mg/ml  of  G418.  Human 
PC3  prostate  cancer  cells  were  maintained  in  DMEM 
supplemented  with  10%  FBS.  The  cells  were  cultured  in 
100  U/ ml  of  penicillin  and  100  jig/ ml  of  streptomycin 
at  37°C  in  5%  CO2  incubator. 

Plasmids  and  siRNA  Expression 

The  oligonucleotides  containing  sequences  specific 
for  Stat3  (5'-GATCCCGTGTTCTCTATCAGCACAA- 
TTTCAAGAGAATTGTGCTGATAGAGAACATTTT- 
TTGGAAA-3'  and  5'-AGCTTTTCCAAAAAATGTTC- 
TCTATCAGCACAATTCTCTTGAAATTGTGCTGA- 
TAGAGAACACGG-30  were  s)mthesized  and  anneal¬ 
ed.  Stat3  siRNA  expression  vector  that  express  hairpin 
siRNAs  under  the  control  of  the  mouse  U6  promoter 
was  constructed  by  inserting  pairs  of  the  annealed 
DNA  oligonucleotides  into  the  pSilencer-neo  siRNA 
expression  vector  that  was  digested  with  BamHI  and 
Hindni  (Ambion,  Austin,  TX).  A  pSilencer  neo  vector 
that  expresses  a  hairpin  siRNA  with  limited  homology 
to  any  known  sequences  in  the  human,  mouse,  and  rat 
genomes  was  used  as  a  negative  control  (Ambion).  The 
negative  control  siRNAs  have  been  tested  in  multiple 
cell  lines  and  they  show  no  toxicity  to  cells  when 
analyzed  by  Trypan  Blue  staining  and  cell  counting 
48  hr  after  transfection.  The  negative  control  siRNAs 
have  no  effect  on  the  expression  of  the  mRNA  levels  of 
"housekeeping"  genes,  including  28S  rRNA,  GAPDH, 
and  Cyclophilin  (Ambion). 

Stat3  sIRNATransfection 

DU145,  PC3,  and  LN-17  cells  were  transiently 
transfected  either  with  Stat3  siRNA  or  the  negative 
control  plasmid  using  SuperFect  Transfection  Reagent 
(QIAGEN,  Inc.,  Valencia,  CA).  Briefly,  cells  were  plated 
into  either  12-well  plates  (10^  cells  per  well)  or  100  mm 
dish  (10^  cells)  and  allowed  to  adhere  for  24  hr.  Cells 
were  transfected  with  either  Stat3  siRNA  expression 
vector  or  negative  control  siRNA  plasmids  in  serum- 
free  medium  for  4  hr,  incubated  with  complete  medium 
for  24  hr,  and  then  cells  were  switched  into  medium 
containing  G418  (0.3  mg/ ml).  Two  days  later,  protein 
extracts  and  total  RNA  were  prepared  for  subsequent 
analysis. 

In  Vitro  Growth  Assay 

DU145,  PC3,  and  LN-17  cells  (1  x  10^  per  well)  were 
plated  in  12-well  plates  in  RPMI  containing  10%  FBS. 
Cells  were  transfected  with  either  Stat3  siRNA  expres¬ 
sion  vector  or  negative  control  plasmid  as  described 
above.  Four  days  later,  cells  were  counted  with  a 
Coulter  counter. 
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Apoptosis  ELISATest 

Cell  death  detection  ELISA  kit  (catalog  #  1544675) 
was  obtained  from  Roche  Molecular  Biochemicals 
(Indianapolis,  IN)  and  the  protocol  was  followed 
according  to  the  manufacturer's  instructions.  For  the 
preparation  of  samples,  cells  were  plated  and  trans¬ 
fected  with  either  1  jig  of  StatS  siRNA  expression  vector 
or  1  jig  of  control  plasmid  as  described  previously. 
Three  days  later,  cell  lysates  were  obtained  and  cell 
death  was  analyzed  and  the  absorbance  values  were 
normalized  by  the  amount  of  protein.  The  protein 
concentration  was  determined  by  Bradford  assay 
(Coomassie  Plus,  Pierce,  Rockford,  IL). 

Luciferase  Assay 

DU145  cells  were  plated  (1  x  10^  cells  per  well  of  12- 
well  plate)  and  transfected  with  1  fig  of  pLucTKSS 
reporter  plasmid  containing  specific  responsive  ele¬ 
ments  for  Stats  [20],  varied  amount  of  StatS  siRNA 
expression  vector  or  negative  control  vector.  For  con¬ 
trol,  DU145  cells  were  cotransfected  with  1  fig  of  StatS 
unresponsive  pLucTK  reporter  plasmid  [20]  and 
StatS  siRNA  expression  vector  or  negative  control 
vector.  Total  amount  of  DNA  transfected  was  adjusted 
using  empty  vector  DNA.  After  40  hr  of  incubation, 
cell  extracts  were  prepared  and  luciferase  activity 
was  determined  according  to  manufacturer's  protocols 
(Promega,  Madison,  WI).  Luciferase  activity  was 
normalized  per  microgram  of  protein  as  determined 
by  Bradford  assay  (Coomassie  Plus,  Pierce). 

Electromobility  Shift  Assay 

After  transfection  with  either  StatS  siRNA  expres¬ 
sion  vector  or  negative  control  plasmid,  nuclear  ex¬ 
tracts  were  prepared  and  electromobility  shift  assay 
(EMSA)  was  performed  as  described  previously  [10]. 
For  determination  of  the  StatS  DNA  binding  activity, 
nuclear  extracts  (10  fig)  were  incubated  in  a  final 
volume  of  20  fil  (10  mM  HEPES,  pH  7.9, 80  mM  NaCl, 
10%  glycerol,  1  mM  DTT,  1  mM  EDTA,  100  fig/ml 
poly(dl-dC)  with  radio  labeled  double  stranded  StatS 
consensus  binding  motif  5'-GATCCTTCTGGGAA- 
TTCCTAGATC  (Santa  Cruz  Biotechnologies,  CA). 
The  protein-DNA  complexes  were  resolved  on  a  4.5% 
non-denaturing  polyacrylamide  gel  at  room  tempera¬ 
ture,  and  the  results  were  autoradiographed  using 
Molecular  Imager  FX  System  (Bio  Rad,  Hercules,  CA). 

Western  Blot  Analysis 

Cell  extracts  were  prepared  and  resolved  on  a  10% 
SDS-PAGE  and  blotted  onto  a  membrane.  After 
blocking  overnight  at  4°C  in  5%  milk  in  PBS  containing 
0.1%  Tween  20,  membranes  were  incubated  overnight 


with  either  antibodies  of  cleaved  poly  (ADP-ribose) 
polymerase  (PARP)  (Cell  Signaling  Technology,  Bev¬ 
erly,  MA),  Bc1-Xl  (Santa  Cruz,  CA),  or  antibodies 
against  StatS  or  phospho-StatS  proteins  (Cell  Signaling 
Technology).  Following  secondary  antibody  incuba¬ 
tion,  immunoreactive  proteins  were  visualized  with  an 
enhanced  chemiluminescence  detection  system  (Amer- 
sham  Pharmacia  Biotech,  Buckinghamshire,  England). 

Northern  Blot  Analysis 

Twenty  micrograms  of  total  RNAs  were  electro- 
phoresed  in  1.2%  denaturing  agarose  gels  and  trans¬ 
ferred  to  a  nylon  membrane  (MSI,  Westborough,  MA). 
PSA  cDNA  and  StatS  cDNA  were  labeled  with  [a-^^P] 
dCTP  (S,000  Ci/ mmol,  ICN,  Costa  Mesa,  CA)  using  the 
Ready-To-Go  DNA  Labeling  Beads  (Amersham  Phar¬ 
macia  Biotech).  Hybridization  was  carried  out  during 
S  hr  at  65°C  in  Rapid-hyb  buffer  (Amersham  Pharmacia 
Biotech).  Membranes  were  washed  for  15  min  at  65°C  in 
2  X  SSC,  0.1  %  SDS  (twice),  0.5  x  SSC,  0.1  %  SDS,  and  0.1  x 
SSC,  0.1%  SDS.  Radioactivity  in  the  membranes  was 
analyzed  with  a  Molecular  Imager  FX  System  (Bio  Rad). 

PSA  Protein  Analysis 

PSA  secretion  was  quantitated  by  ELISA  with  the 
use  of  anti-PSA  as  primary  antibody  as  described  by  the 
manufacturer's  protocol  (Beckman  Coulter,  Fullerton, 
CA).  Equal  numbers  of  cells  were  plated  in  phenol  red- 
free  RPMI  containing  10%  FBS.  Cells  were  allowed  to 
attach  for  24  hr,  then  the  cells  were  transfected  with 
either  1  fig  of  StatS  siRNA  or  1  fig  of  control  siRNA. 
After  3  days,  50  fil  of  supernatant  was  assayed  for  PSA. 

Statistical  Analysis 

Values  were  expressed  as  the  meaniSE.  Statistical 
analyses  were  performed  by  one-way  ANOVA,  fol¬ 
lowed  by  the  Student-Newman-Keuls  test  for  multi¬ 
ple  comparisons,  with  a  P  <  0.05  significant. 

RESULTS 

Stat3  siRNA  Inhibits  Stat3  DNA-Binding  Activity 

To  determine  whether  transfection  of  Stat3  hairpin 
siRNA  vector  inhibits  Stat3  activity,  we  used  several 
human  prostate  cancer  cell  lines  expressing  high  levels 
of  constitutively  activated  Stat3  including  DU145  and 
LN-17  cells  [8,10].  The  LN-17  cells  were  derived  from 
LNCaP  cells  that  were  ectopically  transfected  with  IL-6 
cDNA  and  expressed  constitutively  activated  Stat3 
[8,19].  Both  cell  lines  were  transfected  with  either  the 
Stat3  hairpin  siRNA  vector  or  the  negative  control 
siRNA  vector,  respectively.  Antibiotic  G418  (300  fig/ 
ml)  was  added  following  24  hr  transfection  and  the  cells 
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were  allowed  to  grow  for  another  48  hr.  The  cells  were 
harvested  and  the  Stat3  activity  was  evaluated  by 
EMSA.  The  Stat3  hairpin  siRNA  vector  transfected  cells 
demonstrated  a  marked  decrease  in  formation  of  Stat3 
DNA-protein  complex  in  the  gel  shift  assay  compared 
to  the  negative  control  siRNA  vector  transfected  cells 
(Fig.  lA). 

We  also  examined  the  effect  of  Stat3  siRNA  on  the 
levels  of  endogenous  Stat3  mRNA.  Figure  IB  shows 
that  Stat3  siRNA  significantly  inhibits  the  steady-state 
expression  levels  of  Stat3  mfosJA  compared  to  that  of 
negative  control  siRNA  vector. 

To  determine  whether  the  Stat3  siRNA  affect  the 
levels  of  steady-state  Stat3  or  phosphorylated  Stat3 
protein,  we  performed  Western  blot  analysis  using 
antibodies  against  either  Stat3  or  phospho-specific 
Stat3  protein  on  the  cells  transfected  with  either  Stat3 
siRNA  expression  vector  or  negative  control  siRNA 
vector.  Figure  1C  shows  that  both  the  levels  of  steady- 
state  Stat3  and  tyrosine-phosphorylated  Stat3  protein 
were  decreased  by  Stat3  siRNA  compared  to  the 
negative  control  siRNA  vector.  It  appears  that  the 
reduction  in  steady  state  levels  of  total  and  phosphory- 
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Fig.  I.  Effect  of  Stat3  siRNA  on  Stat3  expression  and  activity  of 
human  prostate  cancer  cells.  A:  Stat3-DNA  binding  activity. The 
Stat3  activity  was  analyzed  using  EMSA  as  described  in  Materials 
and  Methods.  B:  Stat3  mRNA  levels  of  human  prostate  cancer  cells 
transfected  with  Stat  3  si  RN  A  or  control  si  RN  A  were  determined  by 
Northern  blot  analysis.  GAPDH  expression  was  used  as  an  internal 
control.  C:  Effect  of  Stat  3  siRNA  on  St  at  3  protein  expression. 
Western  blots  were  performed  usingeither  antibodies  against  phos¬ 
pho-specific  Stat3  (Tyr-705)  or  total  Stat3  with  whole  cell  extracts 
isolated  from  prostate  cancer  cells  transfected  with  Stat3  siRNA 
expression  vector  or  control  si  RN  A  vector. 


lated  Stat3  is  less  than  the  Stat3-DNA  binding  activity 
and  Stat3  mRNA  levels  by  siRNA  Stat3. 


Stat3  siRNA  inhibits  Cell  Growth 
and  Induces  Apoptosis 

We  have  previously  demonstrated  that  constitu- 
tively  activation  of  Stat3  promotes  human  prostate 
cancer  cell  growth  in  vitro  and  tumor  growth  in  vivo 
[9].  To  determine  the  effect  of  the  Stat3  siRNA  on 
human  prostate  cancer  cell  growth,  DU145  and  LN-17 
cells  were  transiently  transfected  with  either  Stat3 
siRNA  expression  vector  or  the  negative  control  vector. 
The  cells  were  counted  after  4  days  of  transfection. 
Figure  2A  shows  that  Stat3  siRNA  expression  vector 
inhibited  cellular  proliferation  by  60%  in  DU145  cells 
and  50%  in  LN-17  cells  compared  to  that  of  the  negative 
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Fig.  2.  Effect  of  Stat3  siRNA  on  human  prostate  cancer  cell 
growth.  A:  Human  prostate  cancer  DUI45,  PC3,  and  LN-17  cells 
(I  X  10^  per  well)  were  plated  in  12-well  plates  in  RPMI 1640  containing 
10%  FBS.  After  24  hr,  the  cells  were  transfected  with  either  Stat3 
siRNA  expression  vector  or  negative  control  plasmid.  Four  days  later, 
the  cells  were  counted  with  a  Coulter  counter.  Columns  represent 
means  of  data  (n  —  4);  bars,  ±SE.  *,  Significantly  different  from  control 
siRNA.  B:  Transfected  with  0.1— 2  pg  Stat3  siRNA  expression  vector 
demonstrated  a  dose-dependent  Inhibition  of  proliferation  of  DUI45 
cells.The  data  are  expressed  as  %  of  the  control  si  RNA. 
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control  vector.  To  determine  whether  the  growth 
inhibition  by  StatS  siRNA  was  dose-dependent,  pros¬ 
tate  cancer  cells  were  transfected  with  a  range  of 
Stats  siRNA  expression  vector  (0.1-2  jig/ well)  and  the 
cell  number  was  determined  afterwards.  As  shown  in 
Figure  2B,  the  growth  inhibition  by  the  StatS  siRNA  was 
dose-dependent. 

Activation  of  StatS  protects  cells  from  apoptotic  cell 
death,  and  blockade  of  StatS  activation  induces  apo¬ 
ptosis  [S,6].  Therefore,  we  evaluated  the  effect  of  the 
StatS  siRNA  on  apoptosis  in  human  prostate  cancer 
cells.  The  StatS  siRNA  induced  apoptosis  was  exam¬ 
ined  using  an  apoptosis  specific  ELISA  kit.  Figure  SA 

A 

0.25 

I  0.2 

I 

^  0.1 

m 

1  0.05 
0 

control  Stat3  cotdrot  Siat3  control  Stat3 
siRNA  siRNA  siRNA  siRNA  siRNA  sttlNA 


BcI-Xl 

Cleaved  PARP 
Actin 


Fig.  3.  Effect  of  Stat3  siRNA  on  prostate  cancer  cell  apoptosis. 
A:  Cell  death  analysis  by  a  specific  ELISA  kit.  Human  prostate  cancer 
DUI45,  LN-17,  and  PC3  cells  were  transfected  with  Stat3  siRNA 
expression  vector  or  control  siRNA  vector.  Three  days  later,  cell 
lysates  were  obtained  and  cell  death  was  analyzed  and  the  absor¬ 
bance  values  were  normalized  by  the  amount  of  protein.  Data  are 
expressed  as  mean  ±  SD  of  four  independent  experiments.  Signif¬ 
icantly  different  from  control  si  RNA.  B:  Western  blot  analysis  of  the 
expression  of  BcI-Xl  and  cleaved  PARP  proteins  in  LN-17  prostate 
cancer  cel  Is  transfected  with  Stat3  si  RNA  expression  vector  or  con¬ 
trol  siRNAvector.  Immunoblotswere  prepared  from  40  ^ig  of  whole 
cell  lysate  from  LN- 17  cells  transfected  with  Stat3  siRNA  expression 
vector  or  control  siRNAvector. 


shows  that  the  StatS  siRNA  induced  apoptosis  in 
DU145  by  threefold  and  in  LN-17  by  fourfold  com¬ 
pared  to  the  negative  control  vector.  Immunoblots 
using  antibodies  against  Bc1-xl  and  cleaved  PARP 
proteins  were  also  performed  to  determine  the  effect  of 
the  StatS  siRNA  on  apoptosis.  As  shown  in  Figure  SB, 
the  StatS  siRNA  significantly  reduced  the  expression  of 
Bc1-Xl  and  enhanced  the  expression  of  cleaved  PARP 
compared  to  the  negative  control  vector,  further 
demonstrating  that  the  StatS  siRNA  induces  human 
prostate  cancer  cells  to  undergo  apoptotic  cell  death. 

We  also  evaluated  the  selectivity  of  the  StatS  siRNA 
action.  We  transfected  StatS  siRNA  expression  vector 
into  StatS-negative  PCS  human  prostate  cancer  cells. 
The  StatS  siRNA  shows  no  effect  on  the  proliferation 
(Fig.  2A)  nor  apoptosis  (Fig.  SA)  in  PCS  cells  compared 
to  the  negative  control  vector,  suggesting  that  the  StatS 
siRNA  inhibits  cell  proliferation  only  in  cells  that 
express  constitutively  activated  StatS. 


StatS  siRNA  Inhibits  StatS -Mediated  Gene 
Expression 


StatS  activation  contributes  to  oncogenesis  through 
regulation  of  its  target  genes.  To  examine  the  effect  of 
the  StatS  siRNA  on  StatS-mediated  gene  expression, 
DU145  cells  were  cotransfected  with  the  pLucTKSS 
reporter  containing  the  StatS  responsive  elements  [20] 
and  with  either  StatS  siRNA  expression  vector  or 
negative  control  vector,  and  cytosolic  extracts  were 
prepared  for  luciferase  assays.  The  pLucTK  reporter 
that  contains  no  StatS  responsive  element  was  used  as  a 
control  [20].  As  shown  in  Figure  4 A,  the  StatS  siRNA 
significantly  inhibited  the  induction  of  the  StatS- 


dependent  pLucTKSS  luciferase  reporter  activity  with- 
out  affecting  the  Stat3-independent  pLucTK  activity 
compared  to  the  negative  control  vector. 

We  previously  demonstrated  that  activated  StatS 


enhances  the  expression  of  AR-mediated  genes  includ¬ 
ing  PSA  [9].  To  test  the  effect  of  the  StatS  siRNA  on  PSA 
expression.  Northern  blot  analyses  were  performed  to 
compare  the  levels  of  the  expression  of  PSA  mRNA  in 
LN-17  cells  that  have  been  transfected  with  either  StatS 
siRNA  expression  vector  or  negative  control  vector.  As 
shown  in  Figure  4B,C,  the  StatS  siRNA  significantly 
reduced  the  levels  of  PSA  expression  compared  to  the 
negative  vector  control. 


DISCUSSION 

Studies  to  date  provide  strong  evidence  that  aber¬ 
rant  StatS  signaling  may  play  an  important  role  in 
the  development  and  progression  of  prostate  cancer. 
We  previously  demonstrated  increase  StatS  activation 
in  prostate  cancer  and  that  constitutively  activated 
StatS  promotes  prostate  cancer  cell  tumor  growth  [5,9]. 
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Fig.  4.  Effect  of  Stat3  si  RN  A  on  Stat 3 -mediated  gene  expression. 
A:  DUI45  cells  expressing  constitutive!/  activated  Stat3  were 
cotransfected  with  the  pLucTKS3  reporter  (I  pg)  containing  the 
Stat3  responsive  elements  and  with  either  I  pg  of  Stat3  siRNA 
expression  vector  (+)  or  I  pg  of  negative  control  vector  (-).  Cell 
extracts  were  prepared  for  luciferase  assays.  The  pLucTK  reporter 
that  contains  no  Stat 3  responsive  element  was  used  as  a  control. 
Luciferase  activity  was  determined  according  to  manufacturer’s 
protocols  and  normalized  per  pg  of  protein.  Data  are  representative 
of  three  independent  experiments.  *,  Significantly  different  com¬ 
pared  to  control  si  RN  A.  B:  Stat  3  si  RN  A  inhibits  PSA  m  RN  A  expres¬ 
sion  in  LN-17  ceils.  Total  RNA  was  Isolated  from  LN-17  cells 
transfected  with  either  St  at  3  siRNA  expression  vector  or  control 
sIRNA  vector  and  used  for  Northern  blot  analysis  as  described  in 
Materials  and  Methods.  GAPDH  was  used  as  a  loading  control. 
C:  Stat3  siRNA  inhibits  PSA  protein  expression  in  LN-17  cells. The 
levels  of  PSA  protein  expression  in  the  medium  was  analyzed  by 
PSA  ELISA  from  LN-17  cells  transfected  with  either  Stat3  siRNA 
expression  vector  or  control  si  RNA  vector. 


Blockade  StatS  activation  by  a  dominant  negative  Stat3 
mutant  resulted  in  suppression  of  prostate  cancer 
growth  both  in  vitro  and  in  vivo  [10].  Numerous  stud¬ 
ies  also  demonstrate  that  Stat3  activates  AR-mediated 
gene  expression  and  prevents  cell  from  apoptosis 
[6,7,9].  Collectively,  these  findings  indicate  that  target¬ 
ing  Stat3  signaling  may  represent  a  novel  approach  to 
treat  prostate  cancer. 

RNAi  represents  a  promising  new  technology  that 
could  have  therapeutic  applications  for  the  treatment  of 
diseases  including  cancer  by  blocking  the  action  of 
transcription  factors  and  oncogenes  with  selective 
silencing  of  gene  expression  with  exquisite  precision 
and  high  efficacy  [21].  In  this  study,  we  have  identified 
the  Stat3  siRNA  that  specifically  inhibits  constitutively 
activated  Stat3  and  suppresses  cell  proliferation  and 
induces  apoptosis.  To  compare  the  relative  potency  of 
this  siRNA  Stat3  with  Jak/ Stat3  inhibitor  AG490,  LN-17 
cells  were  transfected  with  1  ^g  of  Stat3  siRNA  ex¬ 
pression  plasmid  and  the  cell  number  was  determined, 
while  the  same  cells  were  treated  with  different  doses 
of  AG490  (range  from  0  to  50  ^M).  The  effect  of 
inhibition  of  cell  growth  by  expression  of  1  ^g  of  Stat3 
siRNA  (about  60%  inhibition)  is  similar  to  the  effect  of 
30[iMof  AG490. 

Previous  studies  demonstrated  that  Stat3  is  consti¬ 
tutively  activated  in  human  prostate  cancer  compared 
to  normal  prostate  [5,6],  and  that  constitutively 
activated  Stat3  promotes  prostate  cancer  cell  growth 
both  in  vitro  and  in  vivo  [9].  This  study  showed  that  the 
Stat3  siRNA  only  inhibits  the  proliferation  and  induces 
apoptosis  in  cells  expressing  constitutively  activated 
Stat3,  but  not  in  Stat3-inactive  PC3  cells,  further 
demonstrating  the  selectivity  of  the  Stat3  siRNA  and 
potential  therapeutic  utility  of  the  Stat3  siRNA  for 
prostate  cancer  expressing  active  Stat3. 

The  PSA  is  synthesized  primarily  by  normal  and 
malignant  prostate  and  the  levels  of  PSA  in  serum 
correlate  with  the  clinical  stage  of  the  disease.  We  have 
previously  demonstrated  that  constitutively  activated 
Stat3  enhances  PSA  expression  in  vitro  and  in  vivo  and 
enhances  PSA  transcription  [9].  We  showed  here  that 
blockade  of  Stat3  activation  by  the  Stat3  siRNA 
significantly  inhibited  PSA  mRNA  expression  in 
LN-17  cells  (Fig.  4B),  indicating  that  targeting  Stat3 
activation  by  the  Stat3  siRNA  could  inhibit  the  AR- 
mediated  gene  expression  in  prostate  cancer  cells. 

In  conclusion,  we  have  identified  the  Stat3  siRNA 
that  specifically  inhibits  constitutively  activated  Stat3 
and  suppresses  cell  proliferation  and  induces  apopto¬ 
sis.  The  Stat3  siRNA  resulted  in  blockade  of  Stat3 
DNA-binding  activity  and  inhibited  the  levels  of 
Stat3  mRNA.  Targeting  Stat3  activation  with  RNAi 
holds  therapeutic  promise  for  prostate  cancer  with 
constitutive  Stat3  activation.  Several  strategies  have 
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been  reported  to  block  Stat3  activation  including  using 
Stat3  decoy  oligonucleotides  in  head  and  neck  cancer 
cells  [13].  Although  siRNA  method  has  emerged  as 
powerful  RNAi  reagents  for  directed  posttranscrip- 
tional  gene  silencing  and  treatment  of  viral  diseases 
and  cancer,  it  would  be  of  interest  to  compare  the 
relative  therapeutic  potency  of  using  Stat3  decoy 
oligonucleotides  with  the  Stat3  siRNA  identified  in 
this  study  in  prostate  cancer  cells. 
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Interleukin- 6  Protects  LNCaP  Cells  From  Apoptosis 
Induced  by  Androgen  DeprivationThrough 
the  Stat3  Pathway 

Soo  Ok  Lee,  Wei  Lou,  Candace  S.  Johnson,  Donald  L.  Trump,  and  Allen  C.  Gao* 
Department  of  Medicine  and  Pharmacology  &  Therapeutics,  Roswell  Park  Cancer  Institute,  Bufjiilo,  New  York 


BACKGROUND.  Elevated  expression  of  interleukin-6  (IL-6)  is  implicated  in  the  progression 
of  hormone  refractory  prostate  cancer.  Previous  studies  demonstrated  that  IL-6  promotes 
androgen-independent  growth  of  prostate  cancer  cells.  In  this  study,  the  effect  of  IL-6  on 
apoptosis  induced  by  androgen  deprivation  was  investigated. 

METHODS.  The  effect  of  IL-6  on  apoptosis  induced  by  androgen  deprivation  in  LNCaP  cells 
was  examined  by  cell  death  ELISA  and  Western  blot  using  cleaved  poly  (ADP-ribose) 
polymerase  (PARP)  and  caspase-9,  as  well  as  Bc1-Xl  and  phosphorylated  Bad.  The  StatS  in  IL-6- 
mediated  anti-apoptosis  in  prostate  cancer  cells  was  examined  using  either  dominant-negative 
or  constitutively  activated  StatS  mutants. 

RESULTS.  Overexpression  of  IL-6  renders  androgen  sensitive  LNCaP  human  prostate  cancer 
cells  more  resistant  to  apoptosis  induced  by  androgen  deprivation.  LNCaP  cells  undergo 
apoptosis  after  72  hr  of  androgen  deprivation,  an  outcome  is  largely  absent  in  clones 
overexpressing  IL-6  as  measured  by  cell  death  ELISA  and  chromatin  degradation  assays.  IL-6 
over-expressing  cells  resulted  in  a  significant  decrease  in  the  expression  of  cleaved  PARP  and 
cleaved  caspase-9  as  well  as  an  increase  in  the  expression  of  Bc1-xl  and  phosphorylated  Bad. 
Addition  of  IL-6  antibody  completely  abolished  the  anti-apoptotic  activity  of  IL-6.  This 
protective  effect  of  IL-6  was  reversed  by  the  expression  of  a  dominant-negative  Stat3  mutant, 
Stat3F.  Furthermore,  ectopic  expression  of  a  constitutively  active  Stat3  antagonized  androgen 
deprivation-induced  cell  death  of  LNCaP  cells. 

CONCLUSION.  These  results  indicate  that  IL-6  protects  androgen  sensitive  LNCaP  cells 
from  apoptosis  induced  by  androgen  deprivation,  and  Stat3  activation  play  an  important  role 
in  IL-6-mediated  anti-apoptosis  in  prostate  cancer  cells.  Prostate  60: 178-186, 2004. 

©  2004  Wiley-Liss,  Inc. 
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INTRODUCTION 

Prostate  cancer  is  the  most  commonly  diagnosed 
cancer  and  second  leading  cause  of  cancer  death  in 
American  men.  Initially,  the  growth  of  prostate 
epithelial  cells  is  dependent  on  androgen.  When 
androgen  is  depleted,  these  cells  undergo  apoptosis 
and  die,  the  basis  for  androgen  ablation  therapy,  a 
common  treatment  for  prostate  cancer  [1,2].  However, 
most  patients  will  relapse  to  hormone  refractory 
disease  due  to  the  growth  of  androgen-independent 
cancer  cells.  In  this  stage,  cells  are  more  resistant  to 
apoptotic  cell  death  and  thus  androgen  ablation  is 
ineffective  [2]. 


Interleukin-6  (IL-6)  is  a  21-28  Kd  multifunctional 
cytokine  involved  in  many  cellular  processes  such  as 
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inflammation,  cell  differentiation,  and  proliferation  [3]. 
IL*6  production  correlates  with  tumor  progression  in 
human  cancer  such  as  pleural  mesothelioma,  glioblas¬ 
toma,  and  ovarian  and  prostate  cancer  [4-7].  The 
expression  of  lL-6  and  its  receptor  is  consistently 
demonstrated  in  human  prostate  cancer  cell  lines  and 
in  freshly  isolated  human  prostate  carcinoma  and 
benign  prostate  hyperplasia  [8-10].  Clinically,  the 
levels  of  IL-6  in  serum  are  significantly  elevated  in 
many  men  with  advanced,  hormone-refractory  pros¬ 
tate  cancer  [4,11].  lL-6  has  been  suggested  to  have  both 
growth-promoting  and  inhibiting  activities  in  andro¬ 
gen-sensitive  LNCaP  human  prostate  cancer  cells 
in  vitro  [12-15].  IL-6  activates  AR-mediated  gene 
expression  in  LNCaP  cells  in  vitro  [14,16-18],  suggest¬ 
ing  that  IL-6  may  play  a  critical  role  during  the 
progression  of  prostate  cancer.  In  addition,  overexpres¬ 
sion  of  IL-6  in  androgen  sensitive  LNCaP  human 
prostate  cancer  cells  promotes  LNCaP  cell  androgen- 
independent  growth  in  vitro  and  in  vivo  [19]. 

The  biological  activities  of  IL-6  are  mediated  by 
the  IL-6  receptor.  IL-6  receptor  is  composed  of  two 
components,  a  80  Kd  transmembrane  protein  that  has 
ligand-binding  capacity  and  a  130  Kd  membrane 
glycoprotein  (gpl30)  that  mediates  signal  transduction 
following  IL-6  binding  [20].  The  IL-6  receptor  is 
abundant  in  many  types  of  prostate  cells  including 
both  androgen-dependent  and  androgen-independent 
cells  [10].  In  addition  to  the  transmembrane  IL-6R,  a 
soluble  lL-6  form  of  1L-6R  (sIL-6R)  can  be  generated 
either  from  truncated  membrane  protein  or  translation 
from  an  alternatively  spliced  mRNA  [21].  lL-6  can  bind 
to  this  soluble  form  of  the  receptor,  an  alternate  target 
for  the  biologic  activity  [21].  lL-6  signaling  through 
gpl30  transduces  signals  into  the  interior  of  the  cell 
through  several  major  signaling  pathways  including 
the  Janus  kinase  (JAK)-Signal  Transducers  and  Activa¬ 
tors  of  Transcription  (STAT)  pathway  [22],  mitogen- 
activated  protein  (MAP)  kinase  pathways  [23],  and  the 
phosphatidylinositol  (PI)  3-kinase- AKT  pathways  [24]. 

Apoptosis  is  a  physiological  cellular  suicide  pro¬ 
gram  that  maintains  tissue  homeostasis  with  pro- 
apoptotic  and  anti-apoptotic  protein  family  members 
implicated  in  cell  survival/ death  decisions.  The  role  of 
IL-6  in  the  regulation  of  apoptosis  is  demonstrated  in 
many  cancer  cells.  Overexpression  of  lL-6  increases 
anti-apoptotic  activity  and  thereby  tumorigenic  po¬ 
tency  in  basal  cell  carcinoma  [25].  IL-6  can  regulate  the 
anti-apoptotic  Bcl-2  family  proteins,  and  the  expression 
of  Mcl-l,  a  Bcl-2  family  member,  was  significantly 
induced  by  lL-6  [26]. 

While  lL-6  plays  a  critical  role  in  the  development  of 
androgen  independent  prostate  cancer,  the  molecular 
mechanisms  of  lL-6  mediated  androgen  independence 
are  largely  unknown.  In  this  study,  we  demonstrated 


that  IL-6  can  protect  androgen-sensitive  LNCaP  human 
prostate  cancer  cells  from  apoptotic  death  induced  by 
androgen  depletion.  Furthermore,  the  anti-apoptotic 
activity  of  IL-6  is  mediated  by  Stat3  signaling  pathway. 

MATERIALS  AND  METHODS 
Tissue  Culture 

The  LNCaP  cells  were  maintained  in  RPMl  1640 
supplemented  with  10%  of  FBS,  100  U/ ml  of  penicillin, 
and  100  ^ig/ml  of  streptomycin  at  37°C  in  5%  CO2 
incubator.  Transfection  and  selection  of  LNCaP  cells 
stably  expressing  IL-6  were  described  previously  [13]. 
The  clones  overexpressing  lL-6  (LN-S15,  LN-S17)  and 
its  neo  control  (transfected  with  vector  alone)  cells  were 
cultured  in  the  same  medium  but  containing  0.3  mg/ml 
of  G418.  In  order  to  investigate  the  effect  of  androgen 
deprivation,  cells  were  cultured  in  a  medium  contain¬ 
ing  10%  charcoal-stripped  FBS  (CS-FBS)  instead  of 
regular  10%  FBS. 

In  Vitro  Growth  Assay 

LNCaP  and  IL-6  over-expressing  cells  (LN-S15  and 
LN-S17)  (10^/well)  were  plated  in  12-well  plates  in 
RPMI 1640  containing  10%  FBS.  After  2  days  in  regular 
culture  medium  with  10%  FBS,  cells  were  switched  into 
RPMI  1640  medium  containing  either  10%  FBS  or  10% 
CS-FBS  (Hyclone,  UT).  Three  days  later,  cells  were 
trypsinized  and  counted  with  a  Coulter  counter.  For  the 
IL-6  antibody  test,  20  |ig  of  IL-6  antibody  (Sigma 
Chemicals  Co.)  was  added  per  ml  of  culture  medium. 

Apoptosis  ELISA  Test 

The  ELISA  kit  was  obtained  from  Roche  Molecular 
Biochemicals  (Indianapolis,  IN)  and  the  protocol  was 
followed  according  to  the  manufacturer's  instructions. 
For  the  preparation  of  samples,  LNCaP  and  IL-6  over¬ 
expressing  cells  (LN-S15  and  LN-S17)  (10^/well)  were 
plated  in  12-well  plates  in  RPMI  1640  containing  10% 
FBS.  After  2  days  in  regular  culture  medium  with  10% 
FBS,  cells  were  switched  into  a  medium  containing 
either  10%  FBS  or  10%  CS-FBS  (Hyclone).  Three  days 
later,  cell  lysates  were  obtained  and  cell  death  was 
analyzed  and  the  absorbance  values  were  normalized 
by  the  cell  number. 

Fluorescent  Microscopic  Studies 

Cells  (5  X  10^)  were  plated  in  microslides  in  normal 
medium  for  2  days  and  switched  into  a  medium 
containing  CS-FBS  after  washing.  Three  days  later,  cells 
were  fixed  in  8%  paraformaldehyde  for  15  min,  washed 
and  stained  with  Hoechst  33258  solution  (5  ^g/ml  in 
PBS,  5  min).  Cells  were  then  washed  with  PBS, 
mounted  and  examined  under  fluorescent  microscope. 
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Transfection 

LNCaP,  LN-S15,  and  LN-S17  cells  were  transiently 
transfected  with  2  |ig  of  either  a  dominant  negative 
Stat3  (StatSF)  or  a  constitutively  activated  Stat3 
mutant  (Stat3c)  using  SuperFect  Transfection  Reagent 
(QIAGEN,  Inc,,  Valencia,  CA).  Briefly,  cells  (1  x  10^) 
were  plated  into  6-well  plates  and  allowed  to  adhere  for 
24  hr.  Cells  were  transfected  with  either  Stat3F  or 
Stat3c  in  serum-free  medium  for  4  hr,  incubated  with 
complete  medium  for  24  hr,  and  then  were  switched 
into  a  medium  containing  CS-FBS.  Three  days  later,  the 
cell  lysates  were  prepared  and  used  for  the  quantitation 
of  apoptosis  by  the  ELISA  kit,  growth  assay.  Western 
blot  analysis,  and  electromobility  shift  assay  (EMSA). 
For  controls,  the  same  amount  of  empty  vector  was 
used  for  transfection. 

EMSA 

Whole  cell  extracts  were  prepared  and  EMSA  was 
performed  as  described  previously  [27].  For  determi¬ 
nation  of  the  Stat3  DNA  binding  activity,  whole  cell 
extracts  (20  ^ig)  were  incubated  in  a  final  volume  of  20  |il 
(10  mM  HEPES,  pH  7.9,  80  mM  NaCl,  10%  glycerol, 
1  mM  DTT,  1  mM  EDTA,  100  ^g/ml  poly(dldC)  with 
radiolabled  double  stranded  Stat3  consensus  binding 
motif  5'-GATCCTTCTGGGAATTCCTAGATC  (Santa 
Cruz  Biotechnologies,  CA).  The  protein-DNA  com¬ 
plexes  were  resolved  on  a  4.5%  non-denaturing  poly¬ 
acrylamide  gel  at  room  temperature,  and  the  results 
were  autoradiographed  using  Molecular  Imager  FX 
System  (Bio  Rad,  Hercules,  CA). 

Western  Blot 

Whole  cell  extracts  were  obtained,  as  described 
previously  [19],  and  resolved  in  8-12%  SDS-PAGE 
depending  on  the  molecular  weight  of  the  protein  to  be 
detected.  After  blocking  overnight  4°C  in  5%  milk  in 
PBS-0.1%  Tween  20,  membranes  were  incubated  over¬ 
night  with  antibodies  of  cleaved  caspase-9  (Cell 
Signaling  Technology,  MA),  cleaved  poly  (ADP-ribose) 
polymerase  (PARP)  (Cell  Signaling  Technology),  Bc1-Xl 
(Santa  Cruz  Biotechnologies),  or  phosphorylated  Bad 
(CeU  Signaling  Technology).  Following  secondary 
antibody  incubation,  immunoreactive  proteins  were 
visualized  with  an  enhanced  chemiluminescence 
detection  system  (Amersham  Pharmacia  Biotech, 
Buckinghamshire,  England). 

Statistical  Analysis 

Values  were  expressed  as  the  mean  ib  SE.  Statistical 
analyses  were  performed  by  one-way  ANOVA,  fol¬ 
lowed  by  the  Student-Newman-Keuls  test  for  multi¬ 
ple  comparisons,  with  a  P  <  0.05  significant. 


RESULTS 

Overexpression  of  lL-6  in  LNCaP  Cells 
Confers  Resistance  to  Androgen 
Deprivation-Induced  Apoptosis 

Previous  studies  have  demonstrated  that  the  andro¬ 
gen  sensitive  LNCaP  cells  express  the  IL-6  receptor,  but 
express  no  detectable  IL-6  protein  [12-15,28].  To  test 
the  effect  of  IL-6  on  LNCaP  cell  function,  we  ectopically 
expressed  IL-6  by  introduction  of  a  full-length  IL-6 
cDNA  into  IL-6-negative  LNCaP  cells  as  described 
previously  [13].  Two  stable  IL-6  independent  transfec- 
tants  (LN-S15  and  LN-S17)  were  isolated  that  express 
high  levels  of  IL-6  (2,465  and  2,743  pg/mI/10^  cells, 
respectively)  with  a  vector-alone  control  (neo).  We 
previously  demonstrated  that  the  growth  of  androgen 
sensitive  LNCaP  cells  in  culture  was  reduced  by  about 
50%  after  48  hr  in  androgen-deprived  charcoal-stripped 
serum  condition  compared  with  that  in  the  normal 
serum  condition  [19].  However,  in  the  IL-6  overexpres¬ 
sion  cells,  there  was  only  a  5-10%  decrease  in  growth 
under  these  androgen-deprived  conditions  compared 
with  growth  in  normal  serum,  suggesting  that  over¬ 
expression  of  IL-6  can  enhance  the  growth  of  LNCaP 
cells  in  the  androgen  deprived  condition  in  vitro. 

Androgen  deprivation  triggers  apoptosis  in  both 
normal  and  malignant  androgen-dependent  prostate 
epithelial  ceUs.  LNCaP  cells  are  androgen  sensitive 
human  prostate  cancer  cells.  To  test  whether  LNCaP 
cells  imdergo  programmed  cell  death  in  androgen 
deprived  condition  in  vitro,  and  whether  IL-6  can 
prevents  apoptosis,  LNCaP  cells,  LNCaP-neo,  and  IL-6 
overexpression  cells  (LN-S15  and  LN-S17)  were  cul¬ 
tured  in  RPMI 1640  with  10%  FBS  and  then  switched  to 
RPMI  1640  with  10%  CS-FBS  in  which  physiological 
levels  of  androgen  were  deprived.  Death  was  assessed 
72  hr  later  through  different  techniques.  The  character¬ 
istic  morphology  of  apoptosis  was  determined  by 
staining  with  Hoechst  33258.  Figure  1  shows  apoptotic 
morphologies  of  the  representative  parental  LNCaP 
and  IL-6  overexpressing  LN-S17  cells  in  androgen 
deprived  conditions.  A  typical  apoptotic  morphology 
including  chromatin  condensation  and  nuclear  frag¬ 
mentation  was  clearly  observed  in  the  parental 
LNCaP  and  neo  control  cells  cultured  in  the  CS-FBS 
conditions,  but  not  in  IL-6-over-expressing  cells  (LN- 
S15  and  LN-S17). 

Apoptotic  cell  death  was  determined  using  the 
apoptosis  specific  ELISA  assay  to  evaluate  DNA 
fragmentation.  As  shown  in  Figure  2,  parental  LNCaP 
and  neo  control  cells  showed  significant  levels  of 
apoptotic  death  in  CS-FBS  as  compared  to  normal  FBS 
(P  <  0.01),  whereas  IL-6  over-expressing  cells  showed  a 
significant  lower  level  of  apoptotic  death  as  compared 
to  parental  LNCaP  and  neo  control  cells  (P<0.01). 
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Fig.  I.  Expression  of  interleukin- 6  (IL-6)  protects  LNCaP  cells 
against  apoptosis  induced  by  androgen  deprivation.  Parental  LNCaP 
and  IL-6  overexpressing  LN- 15  cells  (LN-SI5)  were  cultured  In  either 
normal  FBS  or  androgen  deprived  CS-FBS  conditions  for  3  days.The 
cells  were  stained  with  Hoechst  33258  fluorescent  dye  and  exam¬ 
ined  by  fluorescent  microscope.  [Color  figure  can  be  viewed  in  the 
online  issue,  which  is  available  at  www.interscience.wiley.com.] 

Addition  of  IL-6  antibody  to  the  cell  culture  media 
almost  completely  blocked  the  anti-apoptotic  activity 
of  IL-6  (P<0.01),  indicating  that  the  anti-apoptotic 
effect  was  mediated  specifically  by  IL-6. 

Immunoblots  using  antibodies  against  several  pro- 
apoptotic  and  anti-apoptotic  proteins  were  performed 
to  determine  the  effect  of  IL-6  on  apoptosis.  When 
apoptosis  occurs,  caspases  are  cleaved  into  active 
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Fig.  2.  Cell  death  analysis  by  a  specific  ELISA  kit.  Parental  LNCaP, 
neo,  and  IL-6  overexpressing  (LN-SI5  and  LN-SI7)  cells  were  cul¬ 
tured  in  either  normal  FBS,  androgen  deprived  CS-FBS,  or  CS-FBS 
plus  20  |xg/ml  of  IL-6  antibody  conditions.  Data  are  expressed  as 
mean  ±  SE  of  four  independent  experiments.  *,  P  <  0.01  compared 
with  neo  controi  cells  cultured  in  normal  FBS  conditions;  **, 
P<0.0l  compared  with  neo  controls  in  CS-FBS  conditions; 

P  <  0.01  compared  with  LN-SI5  and  LN-SI7  in  the  CS-FBS  condition 
In  the  absence  of  the  IL-  6  antibody. 


enzymes  from  inactive  precursors  and  PARP  is  also 
cleaved.  When  parental  LNCaP  cells  or  neo  control 
LNCaP  cells  were  androgen  deprived,  elevated  levels 
of  the  cleaved  PARP  and  cleaved  caspase-9  were 
detected  (Fig.  3A).  However,  in  IL-6  overexpressing 
LN-S15  and  LN-S17  cells  significantly  lower  levels  of 
cleaved  PARP  and  cleaved  caspase-9  were  observed 
as  compared  to  the  parental  LNCaP  cells  or  to  the 
neo  control  cells  when  grown  in  androgen  deficient 
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Fig.  3.  Effect  of  IL-  6  on  the  expression  of  pro-apoptotic  and  anti- 
apoptotic  proteins  in  LNCaP  cells  in  androgen  deprivation  condi¬ 
tions.  Immunoblots  were  prepared  from  40  pg  of  whole  cell  lysate 
from  parental  LNCaP,  neo,  and  IL-6  overexpressing  LNCaP  clone 
LNSI5  and  LN-S17  cells  cultured  either  in  normal  FBS  or  androgen 
deprived  charcoal-stripped  FBS  (CS-FBS)  conditions  for  3  days  as 
Indicated.  A;  Immunoblots  were  analyzed  with  cleaved  poly  (ADP- 
ribose)  polymerase  (PARP)  and  cleaved  caspase-9  antibodies. 
B: Twenty  microgram  per  milliliter  of  IL-6  antibody  were  added  to 
the  androgen  deprived  charcoal  stripped  culture  medium  (CS-FBS- 
Ab),  and  whole  cell  lysate  were  immunoblotted  with  cleaved 
PARP  antibody.  C:  Immunoblots  were  analyzed  with  BcI-Xl  and 
phospho-Bad  antibodies. 
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conditions  (Fig.  3A).  Addition  of  IL-6  antibody  to  the 
IL~6  overexpressing  LN-S15  and  LN-S17  cell  culture 
media  significantly  elevated  the  levels  of  cleaved  PARP 
expression  (Fig.  3B),  further  suggesting  a  role  for  IL-6 
specifically.  Concomitantly,  the  increase  in  anti-apop- 
totic  protein  was  observed  in  LN-S15  and  LN-S17  cells. 
When  cells  were  grown  in  androgen-deficient  media, 
the  expression  of  Bc1-Xl  and  phosphorylated  Bad 
proteins  was  significantly  increased  in  the  IL-6  over- 
expressing  LN-S15  and  LN-S17  cells  compared  to 
parental  LNCaP  cells  (Fig.  3C).  Collectively,  these  data 
demonstrate  that  LNCaP  cells  undergo  apoptotic  cell 
death  upon  androgen  withdrawal,  and  that  IL-6 
protects  these  cells  from  androgen  deprivation  induced 
apoptosis. 

Stat3  Activation  Mediates  Anti -Apoptotic 
Activity  of  ILr  6 

We  have  previously  demonstrated  that  IL-6  signifi¬ 
cantly  activates  Stat3  in  LNCaP  cells  both  with  andro¬ 
gen  (normal  FBS)  and  without  androgen  (CS-FBS)  [19]. 
To  elucidate  the  mechanism  underlying  this  anti- 
apoptotic  effect  of  IL-6,  we  investigated  whether 
activation  of  Stat3  by  IL-6  is  responsible  for  this  effect. 
We  transfected  a  dominant-negative  Stat3  mutant, 
Stat3F,  into  the  LNCaP  parental,  neo,  and  IL-6  over- 
expressing  cells.  The  dominant-negative  Stat3  con¬ 
struct  carries  a  phenylalanine  substitution  of  the 
tyrosine  residue  at  705  that  causes  a  reduction  of  the 
t^osine  phosphorylation  of  wild  type  Stat3  and 
inhibits  the  action  of  endogenous  Stat3  [27,29,30].  As 


Fig.  4,  Stat3F  inhibits  anti-apoptotic  activity  of  IL-6.  A:  Stat3F 
inhibits  IL-6  induced  LNCaP  cell  survival  in  androgen  deprived 
media.  Parental  LNCaP,  neo,  IL-6  overexpressing  LN-SI5  and  LN- 
SI7  cells  were  cultured  in  RPMI  1640  supplemented  with  10%  CS- 
FBS.The  cells  were  then  transiently  transfected  with  equal  amounts 
(2  pg)  of  either  vector  controls  or  Stat3F.  The  cell  numbers  were 
counted  after  3  days  in  CS-FBS  condition  and  cell  survival  values  were 
expressed  as  %  relative  to  the  complete  FBS.  B:  Stat3F  blocks  anti- 
apoptotic  activity  of  IL-6  In  androgen  deprived  conditions.  Parental 
LNCaP,  neo,  IL-6  overexpressing  LN-SI5  and  LN-SI7  cells  were  cul¬ 
tured  in  RPMI  1640  supplemented  with  10%  CS-FBS. The  cells  were 
then  transiently  transfected  with  equal  amounts  (2  pg)  ofeither  vec¬ 
tor  controls  or  Stat3F.  Quantitation  of  apoptosis  by  a  special  ELISA 
kit  in  these  cells  after  cultured  in  androgen  deprived  CS-FBS  for 
3  days.  Data  are  expressed  as  mean  ±  SE  of  four  independent  experi¬ 
ments.  *,  P  <  0.05  compared  with  neo  control  in  CS-FBS  conditions; 

P  <  0.05  compared  with  LN-SI5  and  LN-SI7  transfected  with  vec¬ 
tor  control  in  the  CS-FBS  condition.  C:  Effect  of  Stat3F  on  Stat3 
activity.  IL-6  overexpressing  LN-SI5  and  LN-SI7  cells  were  trans¬ 
fected  with  either  vector  alone  or  Stat3F.  After  transfection,  the 
cells  were  continuously  cultured  in  androgen  deprived  condition  for 
3  days  and  the  cell  extracts  were  prepared.  The  Stat3  activity  was 
analyzed  using  electromobility  shift  assay  (EMSA)  as  described  in 
“Materials  and  Methods.” 


seen  in  Figure  4A,  when  Stat3F  was  transfected,  the 
anti-apoptotic  activity  of  IL-6  was  abolished  in  IL-6 
overexpressing  LN-S15  and  LN-S17  cells.  When  these 
cells  were  put  into  media  without  androgen,  the 
survival  rates  were  greater  than  85%.  In  cells  trans¬ 
fected  with  Stat3F,  survival  rates  were  less  than  50%,  a 
level  observed  in  the  parental  LNCaP  and  neo  control 
cells  grown  in  the  absence  of  androgen.  The  effect  of 
transfecting  expression  of  Stat3F  on  apoptosis  was  also 
examined  by  ELISA.  As  shown  in  Figure  4B,  transient 
transfection  of  Stat3F  into  IL-6  overexpressing  LN-S15 
and  LN-S17  cells  resulted  in  a  significant  increase  in 
apoptotic  death  (P  <  0.01).  Figure  4C  demonstrated  that 
the  levels  of  Stat3  activity  in  these  IL-6  overexpressing 
LN-S15  and  LN-S17  clones  were  significantly  de¬ 
creased  after  the  transient  transfection  of  Stat3F.  These 
studies  confirm  that  blocking  Stat3  activation  reverses 
the  anti-apoptotic  activity  of  IL-6. 
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Stat3  Activity  Antagonizes  Androgen -Deprivation 
Induced  Death  in  LNCaP  Cells 

The  anti-apoptotic  activity  of  IL-6  from  androgen 
deprivation  appears  to  be  mediated  by  Stat3  activation 
in  LNCaP  cells.  We  further  investigated  whether 
increased  Stat3  activity  might  be  sufficient  to  protect 
cells  from  androgen  deprivation-induced  apoptosis.  To 
demonstrate  a  direct  effect  of  enhanced  Stat3  activity  on 
LNCaP  cell  apoptosis  induced  by  androgen  depriva¬ 
tion,  LNCaP  cells  were  transfected  with  a  constitutively 
activated  Stat3  mutant,  Stat3c,  and  vector  control, 
respectively.  Stat3c  is  a  constitutively  activated  Stat3 
(a  mutant  produced  by  substitution  of  the  cysteine 
residues  within  the  COOH-terminal  loop  of  the  SH2 
domain  of  Stat3)  that  induces  cellular  transformation 
and  tumor  formation  in  nude  mice  [31].  Previous 
studies  have  demonstrated  that  ectopic  expression  of 
Stat3c  into  LNCaP  cells  enhanced  Stat3  activation  and 
promoted  cell  androgen  independent  growth  [32]. 
After  transfection  with  Stat3c,  the  cells  were  deprived 
of  androgen  for  72  hr,  starting  12  hr  after  transfection, 
and  the  cell  lysis  was  collected.  Cell  death  was  deter¬ 
mined  by  the  ELISA  assay.  As  shown  in  Figure  5, 
overexpression  of  constitutively  activated  Stat3  in 
LNCaP  cells  resulted  in  significantly  less  cell  death  as 
compared  to  the  vector  control  cells  (P  <  0.01)  without 
androgen,  and  addition  of  the  dominant-negative  Stat3 
(Stat3F)  restored  the  level  of  cell  death  to  that  of  the 
vector  control,  suggesting  that  the  constitutive  activa¬ 
tion  of  Stat3  is  sufficient  to  protect  LNCaP  undergoing 
apoptosis  induced  by  androgen  deprivation. 


Fig.  5.  Constitutively  activated  Stat3  protects  LNCaP  cells 
apoptosis  Induced  by  androgen  deprivation.  LNCaP  cells  were  cul¬ 
tured  in  RPMI  1640  supplemented  with  10%  CS-FBS.  The  cells 
were  then  transiently  transfected  with  equal  amounts  (2  pg)  of 
either  vector  controls  or  constitutively  activated  Stat3c  or  Stat3c 
plus  Stat3  F.  Quantitation  of  apoptosis  by  a  special  ELISA  kit  was  per¬ 
formed  after  cultured  in  androgen  deprived  CS-FBS  for  another 
3  days.  Data  are  expressed  as  meaniSE  of  four  independent 
experiments.  *,  P  <  0.05  compared  with  vector  control  in  CS-FBS 
conditions. 


DISCUSSION 

In  this  study,  we  have  investigated  the  molecular 
mechanisms  by  which  IL-6  promotes  androgen  inde¬ 
pendent  progression  of  prostate  cancer  cells.  We 
demonstrated  that  IL-6  protects  androgen  sensitive 
LNCaP  cells  from  androgen  deprivation  induced 
apoptosis  through  activation  of  Stat3  signaling  pathway. 

We  previously  demonstrated  that  overexpression  of 
IL-6  in  androgen  sensitive  LNCaP  cells  enhances 
androgen  independent  growth  in  vitro  and  in  vivo 
[19].  To  understand  the  mechanism  of  IL-6  induced 
androgen  independent  growth  of  LNCaP  cells,  we 
analyzed  the  effect  of  IL-6  on  apoptosis  induced  by 
androgen  deprivation.  Several  lines  of  evidence  from 
this  study  demonstrate  that  overexpression  of  IL-6  can 
protect  androgen  deprivation-induced  apoptosis  in 
LNCaP  cells.  First,  overexpression  of  IL-6  rescued 
LNCaP  cells  from  cell  death  induced  by  androgen 
withdrawal.  Second,  LNCaP  cells  underwent  apopto¬ 
sis  72  hr  androgen  was  removed,  an  outcome  is  largely 
absent  in  clones  overexpressing  IL-6.  Third,  IL-6  over¬ 
expressing  cells  resulted  in  a  significant  decrease  in  the 
expression  of  pro-apoptotic  proteins  such  as  cleaved 
PARP  and  cleaved  caspase-9,  and  an  increase  in  the 
expression  of  the  anti-apoptotic  proteins  Bc1-Xl  and 
phosphorylated  Bad  compared  to  the  parental  LNCaP 
cells.  Forth,  addition  of  IL-6  antibody  completely 
abolished  the  anti-apoptotic  activity  of  IL-6,  suggesting 
that  anti-apoptosis  is  specifically  mediated  by  IL-6. 

IL-6  has  been  implicated  in  the  modulation  of 
growth  and  differentiation  in  many  malignant  tumors 
and  is  associated  with  poor  prognosis  in  several  solid 
and  hematopoietic  neoplasms  such  as  renal  cell  carci¬ 
noma,  ovarian  cancer,  lymphoma,  and  melanoma  [33]. 
The  role  of  IL-6  in  prostate  cancer  development  and 
progression  has  been  a  subject  of  intensive  investiga¬ 
tion.  The  expression  of  IL-6  and  its  receptor  has  been 
consistently  demonstrated  not  only  in  human  prostate 
cancer  cell  lines  but  more  importantly  in  human 
prostate  carcinoma  and  benign  prostate  hyperplasia 
obtained  directly  from  patients  [8-10].  Clinically,  the 
levels  of  IL-6  in  the  sera  are  significantly  elevated  in  the 
patients  with  hormone  refractory  and  metastatic 
prostate  cancer  compared  to  hormone  sensitive  pros¬ 
tate  cancer  [4,11].  Multiple  studies  have  demonstrated 
that  IL-6  is  elevated  in  the  sera  of  patients  with 
metastatic  prostate  cancer  and  that  the  levels  of  IL-6 
correlate  with  tumor  burden  as  well  as  serum  PSA  or 
clinically  evident  metastases  [4,11].  Collectively,  these 
clinical  data  suggest  that  elevated  IL-6  levels  are 
associated  with  prostate  cancer  progression  to  an 
androgen-independent  phenotype. 

In  addition  to  the  clinical  data  on  the  role  of  IL-6  in 
androgen  independent  prostate  cancer,  experimental 
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studies  demonstrate  that  IL-6  plays  a  critical  role  in 
prostate  cancer  cell  growth  and  differentiation.  IL-6 
can  function  as  a  paracrine  growth  factor  for  the  human 
LNCaP  androgen-sensitive  prostate  cancer  cells  and  an 
autocrine  growth  factor  for  the  human  DU145  and  PC-3 
androgen-insensitive  prostate  cancer  cells  [12].  IL-6  can 
activate  AR-mediated  gene  expression  by  activation  of 
the  AR  through  a  Stat3  pathway  in  LNCaP  cells 
[13,16,17].  Our  previous  studies  demonstrated  that 
overexpression  of  IL-6  increases  PSA  mRNA  expres¬ 
sion  and  enhances  AR  activation  in  LNCaP  cells  [19].  In 
addition,  overexpression  of  IL-6  promotes  androgen 
independent  growth  of  androgen  sensitive  LNCaP  cells 
in  vitro  and  in  vivo  [19].  These  studies  demonstrate  that 
IL-6  activates  AR  signaling  in  a  ligand-independent 
manner  and  induces  a  synergistic  AR  response  with 
very  low  concentrations  of  androgen. 

Accumulating  evidence  has  demonstrated  that 
abnormal  AR  signaling  has  contributed  to  prostate 
cancer  androgen  independent  growth.  Several  reports 
suggested  that  the  AR  can  be  activated  by  growth 
factors  and  cytokines  to  display  enhanced  activity  in 
the  presence  of  androgen  or  to  function  even  in  the 
absence  of  androgen  [34-37].  Recently,  results  from  a 
number  of  groups  demonstrated  that  IL-6  activates  AR- 
mediated  gene  expression  by  activation  of  the  AR 
through  a  Stat3  pathway  in  LNCaP  cells  [13,14,16,17]. 
Induction  of  neuroendocrine  differentiation  has  also 
been  suggested  in  the  androgen  independent  prostate 
cancer  cells  [38,39].  IL-6  can  induce  LNCaP  cell 
neuroendocrine  differentiation  mediated  by  the  activa¬ 
tion  of  Stat3  and  MAPK  signalings  [40-42].  Androgen 
withdrawal  triggers  apoptosis  in  both  normal  and 
malignant  androgen-dependent  prostate  epithelial 
cells.  However,  androgen-refractory  prostate  cancer 
cells  do  not  undergo  apoptosis  [1].  Thus  alteration  of 
apoptotic  signaling  pathways  should  be  critical  for  the 
survival  of  androgen-refractory  prostate  cancer  cells.  In 
this  study,  we  demonstrate  that  IL-6  protects  LNCaP 
cells  from  undergoing  apoptotic  death  induced  by 
androgen  deprivation. 

The  effect  of  IL-6  on  cell  proliferation,  differentia¬ 
tion,  and  survival  is  mediated  by  differential  activation 
of  several  major  signaling  pathways  including  JAK- 
STAT,  MAPK,  and  PI3K-Akt.  The  question  arises  as  to 
what  is  the  mechanism  of  anti-apoptosis  induced  by  IL- 
6  in  LNCaP  cells.  Apoptosis  can  be  induced  in  response 
to  various  cytotoxic  stimuli  including  cytokines  and 
growth  factors.  These  stimuli  activate  a  series  of  tightly 
controlled  intracellular  signals  including  Stat3.  The  role 
of  Stat3  in  the  protection  of  apoptosis  has  been  already 
suggested  in  many  cancer  cells  including  prostate  [43]. 
In  U266  myeloma  cells,  constitutive  activation  of  Stat3 
signaling  confers  resistance  to  apoptosis  [44].  In 
addition,  Stat5  and  Stat3  have  also  been  demonstrated 


to  activate  the  Bc1-Xl  expression  directly  [44,45].  In  this 
study,  we  have  clearly  shown  that  the  anti-apoptotic 
activity  of  IL-6  is  mediated  mainly  by  Stat3  signaling. 
We  demonstrated  that  IL-6  overexpressing  cell  clones 
are  protected  from  androgen-deprivation  induced 
apoptosis  through  activation  of  Stat3  signaling.  This 
protective  effect  of  IL-6  was  reversed  by  the  expression 
of  a  dominant-negative  Stat3  mutant,  Stat3F.  Further¬ 
more,  ectopic  expression  of  a  constitutively  active  Stat3 
antagonized  androgen  deprivation-induced  cell  death 
of  LNCaP  cells. 

In  conclusion,  we  demonstrate  that  overexpression 
of  IL-6  protects  androgen  sensitive  LNCaP  prostate 
cancer  cells  from  apoptotic  death  induced  by  androgen 
deprivation  through  activation  of  Stat3  signaling  path¬ 
way.  Since  both  IL-6  levels  are  significantly  elevated  in 
hormone  refractory  prostate  cancer  and  Stat3  activity  is 
elevated  in  prostate  cancer  [46],  targeting  IL-6/Stat3 
signaling  may  be  of  therapeutic  value  in  the  treatment 
of  androgen  independent  prostate  cancer. 

ACKNOWLEDGMENTS 

We  are  thankful  to  Dr.  James  Darnell  Jr.,  The 
Rockefeller  University,  NY  and  Dr.  Koichi  Nakajima 
at  Osaka  University  Medical  School,  Osaka,  Japan  for 
supplying  the  Stat3c  and  Stat3F  plasmids. 

REFERENCES 

1.  Isaacs  JT.  Role  of  androgens  in  prostatic  cancer.  Vitam  Horm 
1994;49:433-502. 

2.  Demneade  SR,  Lin  XS,  Isaacs  JT.  Role  of  programmed  (apoptotic) 
cell  death  during  the  progression  and  therapy  for  prostate 
cancer.  Prostate  1996;28:251-265. 

3.  Akira  S,  Taga  T,  Kishimoto  T.  Interleukin-6  in  biology  and 
medicine.  Adv  Immimol  1993;54:1-78. 

4.  Adler  HL,  McCurdy  MA,  Kattan  MW,  Timme  TL,  Scardino  PT, 
Thompson  TC.  Elevated  levels  of  circulating  interleukin-6  and 
transforming  growth  factor-betal  in  patients  with  metastatic 
prostatic  carcinoma.  J  Urol  1999;161:182-187. 

5.  Goswami  S,  Gupta  A,  Sharma  SK.  Interleukin-6-mediated 
autocrine  growth  promotion  in  human  glioblastoma  multiforme 
cell  line  U87MG.  J  Neurochem  1998;71:1837-1845. 

6.  Foti  E,  Ferrandina  G,  Martucci  R,  Romanini  ME,  Benedetti  Panici 
P,  Testa  U,  Mancuso  S,  Scambia  G.  IL-6,  M-CSF  and  lAP 
cytokines  in  ovarian  cancer:  Simultaneous  assessment  of  serum 
levels.  (Oncology  1999;57:211-215. 

7.  Nakano  T,  Chahinian  AP,  Shinjo  M,  Tonomura  A,  Miyake  M, 
Togawa  N,  Ninomiya  K,  Higashino  K.  Interleukin  6  and  its 
relationship  to  clinical  parameters  in  patients  with  malignant 
pleural  mesothelioma.  Br  J  Cancer  1998;77:907-912. 

8.  Siegall  CB,  Schwab  G,  Nordan  RP,  FitzGerald  DJ,  Pastan  I. 
Expression  of  the  interleukin  6  receptor  and  interleukin  6  in 
prostate  carcinoma  cells.  Cancer  Res  1990;50:7786-7788. 

9.  Siegsmund  MJ,  Yamazaki  H,  Pastan  I.  Interleukin  6  receptor 
mRNA  in  prostate  carcinomas  and  benign  prostate  hyperplasia. 
J  Urol  1994;151:1396-1399. 


ILr  6  Confers  Resistance  to  Apoptosis  Upon  Androgen  Deprivation  185 


10.  Hobisch  A,  Rogatsch  H,  Hittmair  A,  Fuchs  D,  Bartsch  G  Jr., 
Klocker  H,  Bartsch  G,  Culig  Z.  Immtmohistochemical  localiza¬ 
tion  of  interleukm-6  and  its  receptor  in  benign,  premalignant  and 
malignant  prostate  tissue.  J  Pathol  2000;191:239-244. 

11.  Drachenberg  DE,  Elgamal  AA,  Rowbotham  R,  Peterson  M, 
Murphy  GP.  Circulating  levels  of  interleukin-6  in  patients  with 
hormone  refractory  prostate  cancer.  Prostate  1999;41:127-133. 

12.  Okamoto  M,  Lee  C,  Oyasu  R.  Interleukin-6  as  a  paracrine  and 
autocrine  growth  factor  in  human  prostatic  carcinoma  cells 
in  vitro.  Cancer  Res  1997;57:141-146. 

13.  Lou  W,  Ni  Z,  Dyer  K,  Tweardy  DJ,  Gao  AC.  Interleukin-6 
induces  prostate  cancer  cell  growth  accompanied  by  activation 
of  Stats  signaling  pathway.  Prostate  2000;42:239-242. 

14.  Lin  DL,  Whitney  MC,  Yao  Z,  Keller  ET,  Interleukin-6  induces 
androgen  responsiveness  in  prostate  cancer  cells  through  up- 
regulation  of  androgen  receptor  expression.  Clin  Cancer  Res 
2001;7:1773-1781. 

15.  Girl  D,  Ozen  M,  Ittmann  M.  Interleukin-6  is  an  autocrine  growth 
factor  in  human  prostate  cancer.  Am  J  Pathol  2001;159:2159- 
2165. 

16.  Chen  T,  Wang  LH,  Farrar  WL.  Interleukin  6  activates  androgen 
receptor-mediated  gene  expression  through  a  signal  transducer 
and  activator  of  transcription  3-dependent  pathway  in  LNCaP 
prostate  cancer  cells.  Cancer  Res  2000;60:2132-2135. 

17.  Hobisch  A,  Eder  IE,  Putz  T,  Hominger  W,  Bartsch  G,  Klocker  H, 
Culig  Z.  Interleukin-6  regulates  prostate-specific  protein  expres¬ 
sion  in  prostate  carcinoma  cells  by  activation  of  the  androgen 
receptor.  Cancer  Res  1998;58:4640-4645. 

18.  Ueda  T,  Bruchovsky  N,  Sadar  MD.  Activation  of  the  androgen 
receptor  N-terminal  domain  by  IL-6  via  MAPK  and  STAT3 
signal  transduction  pathways.  J  Biol  Chem  2001;19:19. 

19.  Lee  SO,  Lou  W,  Hou  M,  DeMiguel  F,  Gerber  L,  Gao  AC. 
Interleukm-6  promotes  androgen-independent  growth  in 
LNCaP  human  prostate  cancer  cells.  Clin  Cancer  Res  2003;9: 
370-376. 

20.  Murakami  M,  Hibi  M,  Nakagawa  N,  Nakagawa  T,  Yasukawa  K, 
Yamanishi  K,  Taga  T,  Kishimoto  T.  IL-6-induced  homodimer¬ 
ization  of  gpl30  and  associated  activation  of  a  tyrosine  kinase. 
Science  1993;260:1808-1810. 

21.  Jones  SA,  Horiuchi  S,  Topley  N,  Yamamoto  N,  Fuller  GM.  The 
soluble  interleukin  6  receptor:  Mechanisms  of  production  and 
implications  in  disease.  Faseb  J  2001;15:43-58. 

22.  Darnell  JE  Jr.  STATs  and  gene  regulation.  Science  1997;277:1630- 
1635. 

23.  Schuringa  JJ,  Jonk  LJ,  Dokter  WH,  Vellenga  E,  Kruijer  W. 
Interleukin-6-induced  STAT3  transactivation  and  Ser727  phos¬ 
phorylation  involves  Vav,  Rac-1  and  the  kinase  SEK-l/MKK-4 
as  signal  transduction  components.  Biochem  J  2000;347(Pt.  1): 
89-96. 

24.  Birkenkamp  KU,  Esselink  MT,  Kruijer  W,  Vellenga  E.  An 
inhibitor  of  PI3-K  differentially  affects  proliferation  and  IL-6 
protein  secretion  in  normal  and  leukemic  myeloid  cells 
depending  on  the  stage  of  differentiation.  Exp  Hematol  2000; 
28:1239-1249. 

25.  Jee  SH,  Shen  SC,  Chiu  HC,  Tsai  WL,  Kuo  ML.  Overexpression  of 
interleukin-6  in  human  basal  ceU  carcinoma  cell  lines  increases 
anti-apoptotic  activity  and  tumorigenic  potency.  Oncogene 
2001;20:198-208. 

26.  Wei  LH,  Kuo  ML,  Chen  C  A,  Chou  CH,  Cheng  WF,  Chang  MC,  Su 
JL,  Hsieh  CY.  The  anti-apoptotic  role  of  interleukin-6  in  human 
cervical  cancer  is  mediated  by  up-regulation  of  Mcl-l  through  a 
PI  3-K/Akt  pathway.  Oncogene  2001;20:5799-5809. 


27.  Ni  Z,  Lou  W,  Leman  ES,  Gao  AC.  Inhibition  of  constitutively 
activated  Stat3  signaling  pathway  suppresses  growth  of  prostate 
cancer  cells.  Cancer  Res  2000;60:1225-1228. 

28.  Chung  TD,  Yu  JJ,  Spiotto  MT,  Bartkowski  M,  Simons  JW. 
Characterization  of  the  role  of  IL-6  in  the  progression  of  prostate 
cancer.  Prostate  1999;38:199-207. 

29.  Kaptein  A,  Paillard  V,  Saunders  M.  Donunant  negative  stat3 
mutant  inhibits  interleukin-6-mduced  Jak-STAT  signal  trans¬ 
duction.  J  Biol  Chem  1996;271:5961-5964. 

30.  Nakajima  K,  Yamanaka  Y,  Nakae  K,  Kojima  H,  Ichiba  M,  Kiuchi 
N,  Kitaoka  T,  Fukada  T,  Hibi  M,  Hirano  T.  A  central  role  for  Stat3 
in  IL-6-mduced  regulation  of  growth  and  differentiation  in  Ml 
leukemia  cells.  Embo  J  1996;15:3651-3658. 

31.  Bromberg  JF,  Wrzeszczynska  MH,  Devgan  G,  Zhao  Y,  Pestell 
RG,  Albanese  C,  Darnell  JE  Jr.  Stat3  as  an  oncogene  [published 
Erratum  appears  in  Cell  1999  Oct  15;99(2):239].  Cell  1999;98:295- 
303. 

32.  DeMiguel  F,  Lee  SO,  Lou  W,  Xiao  X,  Pflug  BR,  Nelson  JB,  Gao 
AC.  Stat3  enhances  the  growth  of  LNCaP  human  prostate  cancer 
cells  in  intact  and  castrated  male  nude  mice.  Prostate 
2002;52:123-129. 

33.  Simpson  RJ,  Hammacher  A,  Smith  DK,  Matthews  JM,  Ward  LD. 
Interleukm-6:  Structure-function  relationships.  Protein  Sci  1997; 
6:929-955. 

34.  Connolly  JM,  Rose  DP.  Regulation  of  DtJ145  human  prostate 
cancer  cell  proliferation  by  insulin-like  growth  factors  and  its 
interaction  with  the  epidermal  growth  factor  autocrine  loop. 
Prostate  1994;24:167-175. 

35.  Cronauer  MV,  Hittmair  A,  Eder  IE,  Hobisch  A,  Culig  Z,  Ramoner 
R,  Zhang  J,  Bartsch  G,  Reissigl  A,  Radmayr  C,  Thumher  M, 
Klocker  H.  Basic  fibroblast  growth  factor  levels  in  cancer  cells 
and  in  sera  of  patients  suffering  from  proliferative  disorders  of 
the  prostate.  Prostate  1997;31:223-233. 

36.  Culig  Z,  Hobisch  A,  Cronauer  MV,  Radmayr  C,  Trapman  J, 
Hittmair  A,  Bartsch  G,  Klocker  H.  Androgen  receptor  activation 
in  prostatic  tumor  cell  lines  by  insulin-like  growth  factor-I, 
keratinocyte  growth  factor,  and  epidermal  growth  factor.  Cancer 
Res  1994;54:5474-5478. 

37.  Culig  Z,  Hobisch  A,  Hittmair  A,  Cronauer  MV,  Radmayr  C, 
Zhang  J,  Bartsch  G,  Klocker  H.  Synergistic  activation  of 
androgen  receptor  by  androgen  and  luteinizing  hormone-re¬ 
leasing  hormone  in  prostatic  carcinoma  cells.  Prostate  1997;32: 
106-114. 

38.  Bonkhoff  H,  Stein  U,  Remberger  K.  Endocrine-paracrine  cell 
types  in  the  prostate  and  prostatic  adenocarcinoma  are 
postmitotic  cells.  Hum  Pathol  1995;26:167-170. 

39.  Theodorescu  D,  Broder  SR,  Boyd  JC,  Mills  SE,  Frierson  HF  Jr. 
Cathepsin  D  and  chromogranin  A  as  predictors  of  long  term 
disease  specific  survival  after  radical  prostatectomy  for  localized 
carcinoma  of  the  prostate.  Cancer  1997;80:2109-2119. 

40.  Qiu  Y,  Robinson  D,  Pretlow  TG,  Kung  HJ.  Etk/Bmx,  a  tyrosine 
kinase  with  a  pleckstrin-homology  domain,  is  an  effector  of 
phosphatidylinositol  3'-kinase  and  is  involved  in  interleukin  6- 
induced  neuroendocrine  differentiation  of  prostate  cancer  cells. 
Proc  Natl  Acad  Sci  USA  1998;95:3644-3649. 

41 .  Spiotto  MT,  Chung  TD.  STAT3  mediates  IL-6-induced  neuroen¬ 
docrine  differentiation  in  prostate  cancer  cells.  Prostate 
2000;42:186-195. 

42.  Deeble  PD,  Murphy  DJ,  Parsons  SJ,  Cox  ME.  Interleukin-6-  and 
cyclic  AMP-mediated  signaling  potentiates  neuroendocrine 
differentiation  of  LNCaP  prostate  tumor  cells.  Mol  Cell  Biol 
2001;21:8471-8482. 


186  Lee  et  al. 


43.  Mora  LB,  Buettner  R,  Seigne  J,  Diaz  J,  Ahmad  N,  Garcia  R, 
Bowman  T,  Falcone  R,  Fairclough  R,  Cantor  A,  Muro-Cacho  C, 
Livingston  S,  Karras  J,  Pow-Sang  J,  Jove  R.  Constitutive 
activation  of  Stat3  in  human  prostate  tumors  and  cell  lines: 
Direct  inhibition  of  Stat3  signaling  induces  apoptosis  of  prostate 
cancer  cells.  Cancer  Res  2002;62:6659-6666. 

44.  Catlett-Falcone  R,  Landowski  TH,  Oshiro  MM,  Turkson  J, 
Levitzki  A,  Savino  R,  Ciliberto  G,  Moscinski  L,  Femandez-Lima 

^  JL,  Nunez  G,  Dalton  WS,  Jove  R.  Constitutive  activation  of  Stat3 


signaling  confers  resistance  to  apoptosis  in  human  U266 
myeloma  cells.  Immunity  1999;10:105-115. 

45.  Socolovsky  M,  Fallon  AE,  Wang  S,  Brugnara  C,  Lodish  HF. 
Fetal  anenua  and  apoptosis  of  red  cell  progenitors  in  StatSa— /— 
5b-/-  mice:  A  direct  role  for  Stat5  in  Bcl-X(L)  induction.  Cell 
1999;98:181-191. 

46.  DeMigeul  F,  Lou  W,  Lee  SO,  Xiao  X,  Pflug  B,  Nelson  JB,  Gao  AC. 
Stat3  enhances  the  growth  of  LNCaP  human  prostate  cancer  cells 
in  intact  and  castrated  male  nude  mice.  The  Prostate  2002;52:1-7. 


[CANCER  RESEARCH  64,  19-22,  Januaiy  1,  2004) 


Advances  in  Brief 


Appendix  3 


Prostate  Specific  Antigen  Expression  Is  Down-Regulated  by  Selenium  through 
Disruption  of  Androgen  Receptor  Signaling 

Yan  Dong/  Soo  Ok  Lee/’^  Haitao  Zhang/  James  Marshall/  Allen  C.  Gao/’^  and  Clement  Ip^ 

Departments  of  ^Cancer  Prevention  and  Population  Sciences,  ^Medicine,  and  ^Pharmacology  and  Therapeutics,  Roswell  Park  Cancer  Institute,  Buffalo,  New  York 


Abstract 

A  previous  controlled  intervention  trial  showed  that  selenium  supple¬ 
mentation  was  effective  in  reducing  the  incidence  of  prostate  cancer. 
Physiological  concentrations  of  selenium  have  also  been  reported  to  in¬ 
hibit  the  growth  of  human  prostate  cancer  cells  in  vitro.  The  present  study 
describes  the  observation  that  selenium  was  able  to  significantly  down- 
regulate  the  expression  of  prostate-specific  antigen  (PSA)  transcript  and 
protein  within  hours  in  the  androgen-responsive  LNCaP  celts.  Decreases 
in  androgen  receptor  (AR)  transcript  and  protein  followed  a  similar  dose 
and  time  response  pattern  upon  exposure  to  selenium.  The  reduction  of 
AR  and  PSA  expression  by  selenium  occurred  well  before  any  significant 
change  in  cell  number.  With  the  use  of  a  luciferase  reporter  construct 
linked  to  either  the  PSA  promoter  or  the  androgen  responsive  element,  it 
was  found  that  selenium  inhibited  the  fra/is-activating  activity  of  AR  in 
cells  transfected  with  the  wild-type  AR  expression  vector.  Selenium  also 
suppressed  the  binding  of  AR  to  the  androgen  responsive  element  site,  as 
evidenced  by  electrophoretic  mobility  shift  assay  of  the  AR-androgen 
responsive  element  complex.  In  view  of  the  fact  that  PSA  is  a  well-accepted 
prognostic  indicator  of  prostate  cancer,  an  important  implication  of  this 
study  is  that  a  selenium  intervention  strategy  aimed  at  toning  down  the 
amplitude  of  androgen  signaling  could  be  helpful  in  controlling  morbidity 
of  this  disease. 

Introduction 

Prostate  cancer  is  the  second  most  common  cancer  as  well  as  the 
second  most  common  cause  of  cancer  death  in  men  in  the  United 
States.  Every  year,  there  are  -190,000  new  cases  and  30,000  deaths 
from  prostate  cancer  (1).  Age  is  a  major  risk  factor;  the  incidence  is 
1  in  53  for  men  in  their  50s  but  1  in  7  for  men  from  60  to  80  years  of 
age.  A  chemopreventive  modality  that  can  suppress  or  delay  the 
clinical  symptoms  of  prostate  cancer  would  be  well  suited  for  pre¬ 
serving  the  quality  of  life  in  high-risk  elderly  men.  In  a  previous 
randomized,  placebo-controlled  cancer  prevention  trial  in  which  pros¬ 
tate  cancer  was  evaluated  as  a  secondary  end  point  (974  of  the  1312 
subjects  in  the  cohort  were  men),  supplementation  with  a  nutritional 
dose  of  selenium  was  found  to  reduce  prostate  cancer  incidence  by 
50%  (2,  3),  Recent  studies  by  Dong  et  al  (4)  showed  that  selenium 
inhibited  human  prostate  cancer  cell  growth,  blocked  cell  cycle  pro¬ 
gression  at  multiple  transition  points,  and  induced  programmed  cell 
death.  Prostate  specific  antigen  (PSA)  is  a  gene  known  to  be  under  the 
control  of  the  androgen  receptor  (AR)  and  is  a  well-accepted  marker 
for  the  diagnosis  and  prognosis  of  prostate  cancer.  In  view  of  the 
clinical  observation  of  the  effectiveness  of  selenium  in  prostate  cancer 
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prevention,  it  is  reasonable  to  believe  that  selenium  might  be  able  to 
reduce  the  expression  of  PSA.  If  confirmed,  this  attribute  obviously 
has  the  advantage  of  forecasting  the  responsiveness  to  selenium 
intervention.  In  this  report,  we  describe  a  series  of  experiments  that 
were  designed  to  test  the  hypothesis  that  selenium  is  capable  of 
down-regulating  PSA  through  a  mechanism  of  attenuating  the  func¬ 
tional  intensity  of  the  AR  signal  transduction  pathway. 

As  discussed  previously  (4),  dultured  prostate  cells  respond  poorly 
to  selenomethionine  (a  commonly  used  selenium  reagent)  and  only 
when  it  is  present  at  supraphysiological  levels  in  the  medium.  A 
plausible  explanation  is  that  prostate  cells  have  a  low  capacity  in 
metabolizing  selenomethionine  to  methylselenol  (CH3SeH),  which  is 
believed  to  be  the  active  species  for  selenium  chemoprevention  (5). 
This  process  normally  takes  place  in  the  liver  and  kidney.  For  this 
reason,  methylseleninic  acid  (CH3Se02H,  abbreviated  to  MSA)  was 
developed  by  Ip  et  al  (6)  specifically  for  in  vitro  experiments.  Once 
taken  up  by  cells,  MSA  is  readily  reduced  by  glutathione  and  NADPH 
to  methylselenol  (which  is  rather  unstable  in  itself)  via  a  non-enzy- 
matic  reaction.  The  cellular  and  molecular  responses  of  prostate  cells 
to  physiological  concentrations  of  MSA  have  been  documented  in  a 
number  of  publications  (4,  7-10).  Thus,  we  believe  we  have  the  right 
tool  to  study  the  effect  of  selenium  on  AR  signaling. 

Materials  and  Methods 

Selenium  Reagent,  Prostate  Cell  Culture,  and  CeU  Growth  Analysis. 

MSA  was  synthesized  as  described  previously  (6).  The  LNCaP  human  prostate 
cancer  cells  were  obtained  from  American  Type  Culture  Collection  (Manassas, 
VA).  The  cells  were  cultured  in  RPMI  1640  supplemented  with  10%  fetal 
bovine  serum  (FBS),  2  mM  glutamine,  100  units/ml  of  penicillin,  and  100 
p.g/ml  of  streptomycin  (11).  In  some  experiments,  cells  were  cultured  in  an 
androgen-defined  condition  by  using  charcoal-stripped  FBS  in  the  presence  of 
10  DM  R1881  (a  potent  synthetic  androgen).  The  3-(4,5-dimethylthiazoI-2-yl)- 
2,5-diphenyltetrazolium  bromide  assay  was  performed  24,  48,  or  72  h  after 
MSA  treatment  as  described  previously  (11).  For  the  quantitative  determina¬ 
tion  of  AR  and  PSA  transcripts  and  proteins,  cells  were  exposed  to  MSA  for 
much  shorter  periods  of  time,  usually  24  h  or  less.  Total  RNA  and  protein  were 
isolated  using  the  TRIzol  reagent  (Invitrogen,  Carlsbad,  CA). 

Real-Time  Reverse  Transcription-PCR.  First-strand  cDNA  was  synthe¬ 
sized  from  100  ng  of  total  RNA  by  Superscript  II  reverse  transcriptase 
(Invitrogen)  following  the  manufacturer’s  protocol.  The  PCR  primers  and 
TaqMan  probes  for  ^-actin,  AR,  and  PSA  were  Assays-on-Demand  products 
from  Applied  Biosystems.  Two  pX  of  first-strand  cDNA  were  mixed  with  25 
p\  of  2X  Taqman  Universal  PCR  Master  Mix  (Applied  Biosystems)  and  2.5  ^1 
of  20  X  primers/probe  mixture  in  a  50-/xl  final  volume.  Temperature  cycling 
and  real-time  fluorescence  measurement  were  performed  using  an  ABI  prism 
7700  Sequence  Detection  System  (Applied  Biosystems).  The  PCR  conditions 
were  as  follows:  an  initial  incubation  at  50°C  for  2  min,  then  a  denaturation  at 
95°C  for  10  min,  followed  by  40  cycles  of  95°C  for  15  s  and  60°C  for  1  min. 

The  relative  quantitation  of  gene  expression  was  performed  using  the 
comparative  Cy  (AACx)  method  (12).  Briefly,  the  threshold  cycle  number  (Cy) 
was  obtained  as  the  first  cycle  at  which  a  statistically  significant  increase  in 
fluorescence  signal  was  detected.  Data  normalization  was  carried  out  by 
subtracting  the  Cy  value  of  jS-actin  from  that  of  the  target  gene.  The  AACt  was 
calculated  as  the  difference  of  the  normalized  Cy  values  (ACy)  of  the  treatment 
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and  control  samples:  AACt  =  AC^  ^^atment  “  AQ  eomroi-  Finally,  AAQ  was 
converted  to  fold  of  change  by  the  following  formula:  Fold  of  change  = 
2-AACr 

Western  Blot  Analysis.  Details  of  the  procedure  were  described  previ¬ 
ously  (4).  Immunoreactive  bands  were  quantitated  by  volume  densitometry  and 
normalized  against  either  glyceraldehyde-3-phosphate  dehydrogenase  or  a- 
actin.  The  following  monoclonal  antibodies  were  used  (source):  anti-glyceral- 
dehyde-3-phosphate  dehydrogenase  (Cheraicon,  Temecula,  CA),  anti-a-actin 
(Sigma  Chemical  Co.,  St.  Louis,  MO),  anti-AR  (BD  Transduction  Laboratory, 
San  Jose,  CA),  and  anti-PSA  (Santa  Cruz  Biotechnology,  Santa  Cruz,  CA). 

Transfection  and  Luciferase  Assay.  An  aliquot  of  3  X  10^  cells  was 
placed  in  a  6-well  plate  and  then  transfected  with  a  total  amount  of  5  /ig  of 
DNA  using  Superfect  (Qiagen,  Valencia,  CA)  according  to  the  manufacturer’s 
instructions.  Two  different  constructs  were  evaluated:  the  PSA  promoter- 
luciferase  reporter  plasmid  (13)  and  the  androgen  responsive  element  (ARE)- 
luciferase  reporter  plasmid  (14).  The  total  amount  of  plasmid  DNA  was 
normalized  to  5  /xg/well  by  the  addition  of  empty  plasmid.  The  DNA/liposome 
mixture  was  removed  3  h  later,  and  cells  were  treated  with  different  concen¬ 
trations  of  MSA  in  the  presence  oflOnMR1881.  Cell  extracts  were  obtained 
after  24  h,  and  luciferase  activity  was  assayed  using  the  Luciferase  Assay 
System  (Promega,  Madison,  WI).  Protein  concentration  in  cell  extracts  was 
determined  by  the  Coomassie  Plus  protein  assay  kit  (Pierce,  Rockford,  IL). 
Luciferase  activities  were  normalized  by  the  protein  concentration  of  the 
sample.  All  transfection  experiments  were  performed  in  triplicate  wells  and 
repeated  at  least  four  times. 

Nuclear  Lysate  Preparation.  Nuclear  protein  extract  was  prepared  as 
described  previously  (15).  Cells  were  harvested,  washed  with  PBS  twice,  and 
resuspended  in  a  hypotonic  buffer  [10  mM  HEPES-KOH  (pH  7.9),  1,5  mM 
MgCl2, 10  mM  KCl,  and  0.1%  NP40]  and  incubated  on  ice  for  10  min.  Nuclei 
were  precipitated  with  3000  X  g  centrifugation  at  4°C  for  10  min.  After 
washing  once  with  the  hypotonic  buffer,  the  nuclei  were  lysed  in  a  lysis  buffer 
[50  mM  Tris-HCl  (pH  8.0),  150  mM  NaCl,  and  1%  Triton  X-100]  and  incubated 
on  ice  for  30  min.  The  nuclear  lysate  was  precleared  by  20,000  X  g  centrif¬ 
ugation  at  4°C  for  15  min.  Protein  concentration  was  determined  by  the 
Coomassie  Plus  protein  assay  kit. 

Electrophoretic  Mobility  Shift  Assay  (EMSA).  A  quantity  of  20  jxg  of 
nuclear  protein  extract  was  incubated  in  a  20-/xl  solution  containing  10  mM 
HEPES  (pH  7.9),  80  mM  NaCl,  10%  glycerol,  1  mM  DTT,  1  mM  EDTA,  100 
/xg/ml  poly(deoxyinosinic-deoxycytidylic  acid),  and  the  radiolabeled  double- 
stranded  AR  consensus  binding  motif  5'-CTAGAAGTCTGGTACAGGGT- 
GTTCTTTTTGCA-3'  (Santa  Cruz  Biotechnology).  The  protein-DNA  com¬ 
plexes  were  resolved  on  a  4.5%  nondenaturing  polyacrylamide  gel  containing 
2.5%  glycerol  in  0.25  X  Tris-borate  EDTA  at  room  temperature,  and  the  results 
were  autoradiographed.  Quantitation  of  AR  DNA-binding  activity  in  the  “pro¬ 
tein-DNA”  bandshift  was  measured  using  the  Molecular  Imager  FX  System 
(Bio-Rad,  Hercules,  CA).  For  the  supershift  experiment,  20  fig  of  cell  extract 
protein  were  incubated  with  the  monoclonal  AR  antibody  (Santa  Cruz  Bio¬ 
technology)  for  1  h  at  4°C  before  incubation  with  the  radiolabeled  probe. 

Results 

MSA  Inhibits  LNCaP  Cell  Growth  in  a  Dose-  and  Time-depen¬ 
dent  Manner.  Table  1  shows  the  results  of  the  effect  of  MSA 
treatment  on  cell  growth.  The  data  are  expressed  as  percentages  of  the 
untreated  control.  A  concentration  of  2.5  fiM  MSA  produced  essen¬ 
tially  no  change,  even  after  3  days  of  treatment.  Increasing  the 
concentration  of  MSA  to  5  /jlm  inhibited  cell  growth  by  about  25%, 


Table  1  Effect  of  MSA  on  the  accumulation  of  LNCaP  cells° 


Treatment  duration  (h)* 

Treatment 

24 

48 

72 

MSA  (jjm) 

2.5 

102.5  ±  4.0 

106.6  ±  6.2 

102.5  ±  1.9 

5 

93.7  ±  3.1 

96.4  ±  2.9 

72.6  ±  1.9^ 

10 

77.1  ±  8.4^ 

61.1  ±  1.7^ 

55.4  ±  3.T 

**  As  a  percentage  of  untreated  control. 

*  Results  are  expressed  as  mean  ±  SE  (n  =  4  independent  experiments). 
Significantly  different  compared  with  the  corresponding  control  value  (P  <  0.05). 
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Fig.  1.  Effect  of  MSA  on  PSA  expression.  A  and  B,  changes  in  PSA  mRNA,  as 
determined  by  quantitative  RT-PCR,  as  a  function  of  time  of  treatment  with  MSA  or  as 
a  function  of  MSA  concentration.  With  the  exception  of  the  1-h  and  the  1  fiM  MSA  data 
points,  the  remaining  data  points  are  significantly  different  (P  <  0.01)  from  the  control, 
which  is  set  as  100%.  Bars,  SE.  C,  Western  blot  data  of  changes  in  PSA  protein  level  as 
a  function  of  different  concentrations  of  MSA  {left  side)  and  normalized  quantitative 
changes  compared  with  the  control  value  of  100%  (right  side). 


but  the  effect  was  not  observed  until  the  72-h  time  point.  The  same 
magnitude  of  growth  inhibition  was  observed  at  24  h  with  10  julm 
MSA,  and  by  72  h,  there  were  50%  fewer  cells  compared  with  the 
untreated  culture.  The  experiment  therefore  established  the  dose  and 
time  response  to  MSA  with  respect  to  growth  inhibition.  This  infor¬ 
mation  is  important  because  the  down-regulation  of  PSA  and  AR  by 
selenium  occurs  well  before  the  onset  of  growth  inhibition  (see 
below). 

MSA  Suppresses  PSA  mRNA  and  Protein  Expression  in 
LNCaP  Cells.  The  modulation  of  PSA  mRNA  by  MSA  was  assessed 
quantitatively  by  real-time  RT-PCR.  Cells  were  treated  with  10  fiu 
MSA  for  various  lengths  of  time;  the  PSA  results  are  shown  in  Fig. 
lA.  A  marked  decrease  in  PSA  mRNA  was  detected  as  early  as  2  h 
after  exposure  to  MSA;  the  mRNA  level  dropped  to  <10%  of  the 
control  value  by  6  and  15  h.  As  shown  in  Fig.  IB,  the  depression  of 
PSA  mRNA  was  dependent  on  the  concentration  of  MSA  in  the  range 
between  2.5  and  10  /xm;  the  assay  was  performed  after  exposure  to 
MSA  for  15  h.  As  little  as  2.5  /ulm  MSA  reduced  PSA  mRNA  level  by 
40%.  This  level  of  MSA  had  no  effect  on  cell  growth.  Even  with  10 
/xM  MSA,  the  near  complete  elimination  of  PSA  mRNA  expression 
occurred  before  there  was  any  detectable  change  in  growth.  The 
decrease  in  PSA  protein  level  by  MSA  at  15  h,  as  determined  by 
Western  blot  analysis,  is  shown  in  Fig.  1C,  left  panel.  The  right  panel 
shows  the  normalized  quantitative  changes  compared  with  the  control 
value  of  100%.  Small  decreases  in  PSA  protein  were  evident  with  1 
or  2.5  /xM  MSA.  At  5  or  10  pM  MSA,  the  level  of  PSA  protein  became 
very  low  or  hardly  detectable.  The  experiments  described  in  Fig.  1 
were  done  with  cells  cultured  in  10%  FBS.  In  addition,  we  carried  out 
another  set  of  experiments  with  cells  cultured  in  charcoal-stripped 
FBS  containing  10  nM  R1881  (a  potent  synthetic  androgen).  The 
down-regulation  of  PSA  mRNA  by  MSA,  as  a  function  of  dose  and 
time,  was  quahtatively  similar  to  that  observed  with  the  FBS  culture 
(data  not  shown). 

MSA  Suppresses  AR  mRNA  and  Protein  Expression  in  LNCaP 
Cells.  The  expression  of  PSA  is  known  to  be  regulated  by  AR,  which 
is  a  hgand-activated  transcription  factor.  Our  next  step  was  to  inves¬ 
tigate  the  expression  of  AR  mRNA  in  response  to  MSA  by  real-time 
RT-PCR.  Fig.  2A  shows  the  time  course  of  response  to  10  /xm  MSA. 
Within  the  first  hour,  there  was  a  50%  decrease  in  AR  mRNA.  The 
transcript  level  continued  to  drop  down  to  20%  or  below  with  longer 
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respectively.  The  result  obtained  with  10  jlim  MSA  was  similar  to  that 
with  5  /AM  MSA. 

MSA  Decreases  Binding  of  AR  to  ARE.  To  determine  whether 
MSA  might  reduce  the  DNA  binding  activity  of  the  AR  protein  to  the 
ARE,  we  performed  EMSA  using  radiolabeled  oligonucleotides  of  the 
ARE  with  nuclear  extract  from  LNCaP  cells  treated  for  30  min  with 
various  concentrations  of  MSA.  As  shown  in  Fig.  4,  A  and  B,  a 
decrease  in  AR-ARE  complex  formation  was  evident  with  MSA 
treatment  compared  with  the  untreated  control.  We  can  rule  out  the 
reduced  availability  of  the  AR  protein  as  a  contributing  factor,  be¬ 
cause  there  was  no  change  in  AR  protein  after  only  30  min  of 


Ihr  2hr  3lr  6hr  I2lir  24hr 
of  10  MSA  Titrtwflt 


IjM  2..5)M  5lM  »0}M 
CtoticeiNnt((oR  of  MSA 


Fig.  2.  Effect  of  MSA  on  AR  expression.  A  and  B,  change  in  AR  niRNA,  as  determined 
by  quantitative  RT-PCR,  as  a  function  of  time  of  treatment  with  MSA  or  as  a  function  of 
MSA  concentration.  All  of  the  data  are  significantly  different  {P  <  0.01)  from  the  control, 
which  is  set  as  100%.  Bars,  SE.  C,  Western  blot  data  of  changes  in  AR  protein  level  as 
a  function  of  time  of  treatment  with  10  /lim  MSA.  D,  Western  blot  data  of  changes  in  AR 
protein  level  as  a  function  of  different  concentrations  of  MSA.  GAPDH,  glyceraldehyde- 
3 -phosphate  dehydrogenase. 
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Fig.  3.  Effect  of  MSA  on  PSA  promoter  activity  (A)  and  ARE  promoter  activity  (B). 
The  cells  were  cultured  in  charcoal-stripped  FBS  containing  10  nM  R1881.  The  results  are 
expressed  as  percentages  of  untreated  control.  All  of  the  data  points  are  significantly 
different  (P  <  0.01)  from  the  control  value.  Bars,  SE. 


treatment  with  MSA.  The  dose  response  to  MSA  is  shown  in  Fig.  2B; 
these  assays  were  done  at  the  15-h  time  point.  Interestingly,  1  /am 
MSA  actually  increased  slightly  the  level  of  AR  mRNA.  However, 
raising  the  concentration  of  MSA  to  2.5  /am  or  above  caused  a  very 
significant  depression  of  the  AR  transcript  to  40%  or  less  of  the 
control  value.  We  next  examined  AR  protein  expression  in  response 
to  10  /AM  MSA.  As  shown  in  Fig.  2C,  MSA  down-regulated  AR 
protein  level  progressively  as  a  function  of  time  over  a  period  of  24  h. 
Initially,  the  reduction  in  protein  appeared  to  lag  behind  the  reduction 
in  transcript  by  at  least  2-3  h.  The  delay  in  response  might  be 
reflective  of  the  time  needed  for  protein  turnover.  Fig.  2D  shows  the 
effect  of  different  concentrations  of  MSA  on  expression  of  the  AR 
protein.  MSA  produced  a  graded  suppression  of  the  AR  protein  in  a 
dose-dependent  manner.  In  general,  the  changes  in  protein  level  were 
consistent  with  the  real-time  RT-PCR  results  with  the  exception  of  the 
1  /AM  MSA  data  point. 

MSA  Inhibits  AR  ^ra/is-Activating  Activity.  LNCaP  cells  have  a 
mutant  but  functional  AR.  In  an  attempt  to  determine  the  ability  of 
MSA  to  interfere  with  AR  fram-activating  activity,  we  transiently 
transfected  LNCaP  cells  with  an  expression  vector  for  the  wild-type 
AR  and  the  PSA  promoter-luciferase  reporter  plasmid.  This  region  of 
the  PSA  regulatory  element  contains  the  promoter  and  enhancer  and 
has  been  demonstrated  to  be  responsive  to  androgen  stimulation  (13). 
As  shown  in  Fig.  3A,  MSA  inhibited  the  luciferase  reporter  in  a 
dose-dependent  manner.  Thus,  the  PSA  promoter  activity  was  de¬ 
creased  by  50,  67,  93,  or  96%  in  the  presence  of  1,  2,  5,  or  10  /am 
MSA,  respectively. 

Activated  AR  exerts  its  function  by  binding  to  the  ARE  site. 
Because  the  PSA  promoter  contains  many  regulatory  elements  in 
addition  to  the  ARE,  one  could  argue  that  the  decrease  in  PSA 
promoter  activity  might  not  necessarily  be  attributable  to  a  change  in 
AR  rrartj-activating  activity.  To  address  this  issue,  we  transiently 
transfected  LNCaP  cells  with  an  expression  vector  for  the  wild-type 
AR  and  the  ARE-luciferase  reporter  plasmid.  This  construct  contains 
three  repeats  of  the  ARE  region  ligated  in  tandem  to  the  luciferase 
reporter  (14).  As  shown  in  Fig.  3B,  the  ARE-luciferase  activity  was 
inhibited  by  50,  60,  or  75%  in  the  presence  of  1,  2,  or  5  /am  MSA, 


Concentration  of  MSA 


Fig.  4.  A,  EMSA  results  of  AR  binding  to  ARE  as  a  function  of  different  concentrations 
of  MSA.  B,  quantitative  determination  of  the  EMSA  results.  C,  supershift  of  the  AR/ARE 
complex  with  antibody  against  AR. 


21 


SELENIUM  DOWN-REGULATES  PSA  EXPRESSION 


treatment  with  MSA  (see  Fig.  2C).  The  specificity  of  the  AR-ARE 
complex  was  demonstrated  by  the  supershift  assay  using  an  antibody 
against  AR  (Fig.  4C). 

Discussion 

This  report  is  the  first  to  show  that  a  selenium  metabolite  is  able  to 
down-regulate  the  expression  of  PSA  in  human  prostate  cancer  cells 
via  a  mechanism  involving  disruption  of  the  androgen  signal  trans¬ 
duction  pathway.  On  the  basis  of  the  information  from  this  study, 
selenium  decreases  AR  transcript  and  protein  and  inhibits  AR  trans- 
activating  activity.  Selenium  can  also  diminish  the  binding  of  AR  to 
the  ARE  site.  However,  we  cannot  at  this  time  distinguish  whether 
this  is  attributable  to  a  block  in  nuclear  translocation  of  the  activated 
AR  or  a  physical  interference  of  AR  association  with  the  ARE  through 
modulation  of  other  co-regulators.  These  various  possibilities  will  be 
investigated  systematically  in  the  future.  It  is  noteworthy  that  the 
reduction  in  AR  and  PSA  expression  occurs  at  least  20  h  before  any 
significant  decrease  in  cell  number.  This  kind  of  bellwether  change  at 
the  molecular  level  might  be  one  of  the  causes  underlying  the  sensi¬ 
tivity  of  prostate  cells  to  selenium  treatment. 

In  a  recent  paper,  Bhamre  et  al  (16)  reported  that  although  supra- 
physiological  levels  of  selenomethionine  inhibited  LNCaP  cell 
growth,  selenomethionine  did  not  specifically  affect  the  production  of 
PSA  when  the  results  were  normalized  to  the  decreased  number  of 
viable  cells.  As  explained  in  the  “Introduction,”  selenomethionine  is 
not  a  suitable  selenium  reagent  for  cell  biology  studies  in  vitro, 
because  it  is  poorly  metabolized  by  cultured  epithelial  cells  to  the 
active  monomethylated  intermediate.  Not  surprisingly,  many  cellular 
and  molecular  events  that  are  normally  sensitive  to  modulation  by 
physiological  levels  of  MSA  (4,  7-11)  respond  very  sluggishly  to 
selenomethionine,  and  only  when  it  is  present  at  excessively  high 
levels  in  the  medium.  Thus,  the  discrepancy  between  our  study  and 
that  of  Bhamre  et  al,  (16)  can  be  reconciled  by  the  differences  in 
biochemical  reactivity  between  MSA  and  selenomethionine. 

The  clonal  expansion  of  prostate  cancer  at  the  early  stage  is  mostly 
dependent  on  androgen  stimulation.  A  selenium  intervention  strategy 
aimed  at  dampening  the  amplitude  of  androgen  signaling  could  be 
helpftd  for  controlling  prostate  cancer  in  high-risk  men.  PSA  is  a 
well-accepted  diagnostic  and  prognostic  biomarker  of  prostate  cancer 
progression.  The  down-regulation  of  PSA  by  selenium  therefore  has 
significant  cUnical  implication.  In  patients  treated  with  selenium,  the 
monitoring  of  PSA  in  the  circulation  could  potentially  be  evaluated  as 
a  barometer  to  gauge  the  efficacy  of  intervention.  The  benefit  might 
also  be  extended  to  the  prevention  of  relapses  after  endocrine  therapy. 
Recurrent  prostate  cancer  is  generally  hormone  refractory,  although 
the  expression  of  AR  is  maintained  regardless  of  the  clinical  stage  of 
the  disease  (17,  18).  The  fact  that  PSA  continues  to  be  produced  by 
the  pathologically  advanced  cancer  suggests  that  the  AR  signal  trans¬ 
duction  pathway  is  still  intact.  Several  hypotheses  have  been  proposed 
to  explain  this  phenomenon.  Mutations  of  the  AR  may  enable  cells  to 
be  sensitized  by  very  low  levels  of  androgens,  or  perhaps  even  by 
non-androgen  steroids  (19).  Alternatively,  the  receptor  may  become 
promiscuous  and  can  be  activated  by  non-steroidal  growth  factors  and 
cytokines  (20).  Prostate  cancer  may  also  adapt  to  androgen  depriva¬ 
tion  by  increasing  the  expression  of  AR  through  gene  amplification 
(21,  22).  We  have  developed  a  LNCaP  subline  that  is  not  responsive 
to  androgen  but  is  capable  of  producing  a  copious  amount  of  PSA.  We 
are  planning  to  use  this  cell  model  to  further  investigate  the  role  of 


selenium  in  AR  function  when  the  presence  of  androgen  is  no  longer 
required. 
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